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ABSTRACT 
 
 
ZEOLITE AS NATURAL GAS ADSORBENTS 
 
(Keywords: Zeolite; Modification; Adsorption; Metal Cation, Metal Oxides, Amines) 
 
Zeolites are inorganic crystalline materials with uniform sized pores of 
molecular dimensions.  Many researchers have proved that zeolite has good 
adsorption characteristics, which has potential to be use as an adsorbent in gas 
separation process and adsorptive gas storage.  Since 1980s, zeolite properties were 
found that it could be tailored and modified for specific application.  The modified 
zeolites lead to the positive development in vast applications from catalyst, adsorbent 
to nanoparticle technology. This research studies the adsorptive characteristics of 
various adsorbents such as zeolite A, X, Y, mordenite and ZSM-5 as well as 
mesoporous materials such as MCM-41 and SBA-15. The study was carried out 
using gases such as N2, CO2, and CH4. The modifications was carried out by 
introducing various types of substance or modifying agent onto/into selected 
adsorbents using several modification methods in order to enhance the adsorptive 
capacity of the adsorbents. The performance of the adsorbents for adsorptive natural 
gas storage was also investigated. The structures of the adsorbents were 
characterized by powder X-Ray Diffraction (XRD), Micromeritics ASAP 2000, 
Fourier Transform Infrared (FTIR) spectroscopy and Scanning Electron Microscope 
(SEM). The adsorption equilibrium and kinetic study of gases on the modified 
samples have been analyzed using Thermogravimetric Analyzer (TGA). Gas 
adsorption characteristics of zeolites were evaluated based on the adsorption 
capacity, adsorption isotherms, heat of adsorption, uptake rate of the adsorbates, and 
FTIR spectra of gas-zeolite interactions.  It was found that cage-type zeolites such as 
NaX and NaY are better adsorbents than channel-type zeolites.  Results also revealed 
that types of metal cation, metal oxide, amine, loading concentration, calcination 
temperature, duration of calcination process, adsorption temperature and pressure as 
well as the modification techniques greatly affect the modified zeolite adsorbent 
structural and gas adsorption characteristics. In general, modification can enhance 
the adsorption characteristics of adsorbents. The adsorption measurements have 
revealed that exchanging Na+ with some metal cation enhanced the adsorption 
capacity of methane. The addition metal oxides can also increases the adsorption of 
gases. Addition of MgO to NaY increases the adsorption capacity of CO2, 
meanwhile, HgO-NaY has higher adsorption of N2 and CH4 than NaY itself. The 
study also showed that CO2 adsorption on microporous and mesoporous silica 
improved as amine grafted onto its surface. The isosteric heat of adsorption that 
measured using TGA and gases adsorption bands that observed in FTIR spectra also 
demonstrate that the adsorbates interact with adsorbents. At higher pressure (up to 
500 psi), the study showed that in order to get high methane storage and delivery 
capacity, adsorbents with large accessible surface area, high pore volume and high 
packing density are needed. Amount of methane remain adsorbed after discharging 
was influence by the adsorbent pore volume. These findings enable us to elucidate 
the fundamental question about the structural and adsorptive characteristics of 
natural gas on modified zeolites as well as other porous materials such as MCM-41 
and SBA-15.   
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ABSTRAK 
 
 
ZEOLIT SEBAGAI PENJERAP GAS ASLI 
 
(Kata Kunci: Zeolit;Pengubahsuaian; Penjerapan; Kation Logam; Logam Oksida; 
Amin) 
 
 Zeolit adalah bahan berhablur tak organik dengan saiz liang berdimensi 
molekul yang seragam.  Ramai penyelidik telah membuktikan bahawa zeolit 
mempunyai ciri-ciri penjerapan yang baik, yang berpotensi untuk digunakan sebagai 
penjerap dalam proses pemisahan gas dan pengstoran gas secara penjerapan.  Sejak 
1980s, didapati bahawa sifat-sifat zeolit dapat diubahsuaikan untuk kegunaan 
tertentu. Zeolit yang telah diubahsuai telah membawa kepada perkembangan yang 
positif dalam pelbagai bidang, dari pemangkin, penjerap ke teknologi nanopartikel.  
Kajian ini mengkaji cirri penjerapan pelbagai jenis penjerap seperti zeolit A, X, Y, 
mordenite and ZSM-5 serta bahan mesoporos seperti MCM-41 dan SBA-15. Kajian 
ini dijalankan menggunakan gas N2, CO2, and CH4. Pengubahsuaian dijalankan 
dengan menambahkan beberapa jenis bahan atau agen pengubah kepada bahan 
penjerap terpilih menggunakan beberapa kaedah pengubahsuaian untuk 
meningkatkan kapasiti penjerapan bahan penjerap. Keupayaan penjerapan untuk 
penstoran gas asli juga dikaji. Struktur bahan penjerap ditentukan dengan 
menggunakan Pembelauan X-Ray (XRD), Micromeritics ASAP 2000, spektroskopi 
Pengubah Fourier Infra Merah (FTIR) dan Mikroskop Imbasan Elektron (SEM).  
Kajian keseimbangan penjerapan dan kinetik gas untuk sampel yang telah diubahsuai 
turut dianalisis dengan menggunakan Penganalisa Termogravimetrik (TGA).  Ciri-
ciri penjerapan zeolit dinilai berdasarkan kepada kapasiti penjerapan, penjerapan 
isoterma, haba penjerapan, kadar penjerapan zat terjerap, dan spectra FTIR interaksi 
gas-zeolit. Hasil kajian ini mendapati zeolit jenis sesangkar seperti NaX dan NaY 
mempu menjerap dengan lebih baik berbanding zeolit jenis sesalur. Keputusan juga 
mendapati bahawa jenis kation logam, oksida logam, amina, kepekatan masukan, 
suhu pemanasan, jangka masa pemanasan, suhu dan tekanan penjerapan serta teknik 
pengubahsuaian membawa kesan yang ketara terhadap struktur penjerap dan ciri-ciri 
penjerapan gas.  Secara umum, pengubahsuaian boleh meningkatkan cirri-ciri 
penjerapan bahan penjerap. Pengukuran penjerapan telah menunjukkan penukaran 
Na+ dengan beberapa kation logam telah meningkatkan kapasiti penjerapan metana. 
Penambahan logam oksida juga boleh meningkatkan penjerapan gas-gas lain. 
Penambahan MgO pada NaY meningkatkan kapasiti penjerapan CO2 manakala HgO-
NaY berupaya menjerap N2 dan CH4 melebihi keupayaan NaY. Kajian ini juga 
menunjukkan penjerapan CO2 keatas silica mikroporos dan mesoporos meningkat 
apabila amina diserakkan diatas permukaan bahan penjerap. Keputusan haba 
penjerapan yang diukur menggunakan TGA dan spektra penjerapan gas daripada 
ukuran FTIR turut menunjukkan bahawa molekul gas berinteraksi dengan penjerap.  
Pada tekanan lebih tinggi (500 psi), kajian ini menunjukkan bahan penjerap yang 
mempunyai luas permukaan yang besar, isipadu liang, dan ketumpatan terpadat yang 
tinggi diperlukan untuk memperoleh penstoran dan kapasiti penghantaran metana 
yang tinggi. Jumlah metana yang tinggal di dalam sel selepas operasi pengeluaran 
dipengaruhi oleh isipadu liang bahan penjerap. Berasaskan jisim, NiO-MCM-41 
mempunyai kapasiti pensoran yang tertinggi. Hasil penemuan ini membolehkan kita 
memahami persoalan asas mengenai struktur dan ciri-ciri penjerapan gas asli keatas 
zeolit serta bahan silica poros terubahsuai yang lain seperti MCM-41 dan SBA-15. 
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CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
1.1 Background 
 
 
The study of gas adsorption characteristic on adsorbents is growing 
awareness in the last two decades for gas separation and purification processes 
applications (Barrer, 1978; Suzuki, 1990; Yang, 1997).  Now, about one-fifth of air 
separation is carried out using adsorption technologies (Rege and Yang, 1997).  The 
performance of the chosen adsorbent material is the most crucial factor for 
controlling the efficiency of commercial separation and purification operations in a 
wide range of industries (Sherman, 1999; Yong et al., 2002; Rutherford and Coons, 
2005).  Pressure swing adsorption (PSA), vacuum pressure swing adsorption (VPSA) 
and temperature swing adsorption (TSA) technologies are processes of interest in gas 
separation industry due to their low energy requirements and cost advantages 
(Baronskaya et al., 1996; Ishibashi et al., 1996; Boger et al., 1997; Dong et al., 1999; 
Warmuziński and Sodzwiczny, 1999; Rege et al., 2001; Takamura et al., 2001; 
Gomes and Yee, 2002; Chou and Chen, 2004; Jayaraman and Yang, 2005; Cavenati 
et al., 2006).   
 
 
CHAPTER 2 
 
 
 
 
LITERATURE REVIEW 
 
 
 
 
2.1 Zeolite Adsorbent 
 
 
2.1.1 Introduction to zeolite 
 
 
Zeolite was originally discovered in the 18th century (1756) by a Swedish 
mineralogist, Cronstedt, who observed the natural zeolite stones began to boil upon 
rapid heat treatment (Frost and Sullivan, 2001).  The word derives from two Greek 
words zeo and lithos, which means “stone that boils”.  Typically, zeolites are 
hydrated, porous crystalline aluminosilicates.  The framework is an assemblage of 
SiO4 and AlO4 tetrahedral joined together by sharing oxygen atoms (Barrer, 1978).  
Zeolites are commercially attractive materials because of their unusual crystalline 
structures that give them unique chemical properties.  Interest in the field of zeolites 
has been triggered in a large number of research and development organizations due 
to the possibility of tailoring specific types of zeolites for specific applications.   
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 Generally, there are about 50 known natural zeolite minerals which have been 
identified and more than about 150 types synthetic zeolite have been prepared (Frost 
and Sullivan, 2001).  Natural zeolite is a naturally formed mineral when ash from 
volcanoes was deposited in alkaline or saline lakes millions of years ago.  The 
natural zeolites can be broadly classified into seven families, namely analcime, 
chabazite, gismondine, harmotome, heulandite, natrolite and stilbite (Sand and 
Mumpton, 1978).  Several types of common commercial natural zeolites products are 
listed in Table 2.1.  Each type of natural zeolites consists of different crystal 
structures and chemical compositions.  Temperature, geographic location, ash or 
water properties and different ratio of silica to alumina from ash impart the unique 
properties of natural zeolites.  Meanwhile, the particle size, cation selectivity, 
molecular pore size, and strength are some of the properties that can differentiate 
them to difference groups of natural zeolite (Sing, 1989; Vaughan, 1978).  The major 
application areas of natural zeolites are as ion exchangers in removing ammonium 
and heavy metal ions for water purification, radioactive waste treatment, adsorbents 
for air separation and natural gas purification, pollution control, animal feed 
supplements, agriculture, horticulture, aquaculture, and thermal storage (Vaughan, 
1978; Suzuki, 1990).   
 
 
Synthetic zeolites were first prepared by the Union Carbide Corporation in 
1954 as a new class of adsorbents and as hydrocarbon-conversion catalysts in 1959 
(Sherman, 1999).  It has been prepared in large industrial quantities due to the great 
demand of zeolites for commercial applications.  All the synthetic zeolites are 
different from each other on basic chemical composition, crystal structure and 
sorption properties.  Different physicochemical properties of synthetic zeolites allow 
the selection of a particular zeolite having optimum properties for a particular 
application as summarized in Table 2.2.  Meanwhile, the framework structures of 
several types of commercial synthetic zeolite are presented in Figure 2.1.  The large 
internal surface area and pore volumes, molecular-size pores, regularity of crystal 
structures, and the diverse framework chemical compositions allow, “tailoring” of 
structure and properties.  In other words, controlling the zeolite synthesis process 
optimizes a zeolite for different applications.   
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Table 2.1: Properties of natural zeolites (Sand and Mumpton, 1978). 
Natural 
Zeolite 
Si/Al 
Range 
Structure Application 
Analcime 2.0 The cubic structure consists 
of 4, 6 and 8 rings linked to 
give 16 large interconnected 
cavities, which form non-
intersecting channels, and 24 
smaller individual cavities. 
Ammonia adsorbent, 
ion exchangers. 
Chabazite 1.4 - 2.8 Stacked, double six-member 
ring prisms, interconnected 
through 4 rings, in a cubic 
close packed array 
Natural gas 
purification, rare gas 
adsorption, drying 
agents, hydrocarbon 
cracking catalyst. 
Clinoptilolite 2.7 – 5.3 Sheet like structure.  Sheet 
contains open rings of 8 to 
10 sides.  The rings stack 
together to form channels. 
Gas adsorber, 
molecular sieve, food 
additive, odor control 
agent, and catalyst. 
Erionite 3.0 – 4.0 Hexagonal structure with 3.0 
× 8.0 Å pore size, wool-like 
aggregates and crusts. 
CO2 and SO2 
adsorbent, hydrocarbon 
conversion catalyst. 
Ferrierite 3.2 – 6.2 Elliptical 10-ring channels of 
dimensions 5.4 × 4.2 Å and 
8-ring channels (4.7 × 3.4 Å) 
parallel to the c-axis. 
Benzene and CO 
sorption, ion 
exchangers, 
hydrocracking catalyst. 
Mordenite 4.4 – 5.5 Orthorhombic blocky crystal 
system with 6.0 × 7.0 Å pore 
size, crystal shape tends to be 
equate, ‘kidney-like’ in 
shape. 
NH3 and CO2 
adsorbent, Mineral 
specimen, hydro-
isomerization catalyst, 
chemical filter. 
Phillipsite 1.3 – 2.9 Two 8-ring channels having 
dimensions of 4.2 × 4.4 Å 
and 2.8 × 4.8 Å. 
Water and CO2 
adsorption, ion 
exchangers. 
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Table 2.2: Properties of synthetic zeolites (Frost and Sullivan, 2001). 
Synthetic 
Zeolite 
Si/Al 
Ratio 
Structure Application 
Zeolite Y 1.5 - 3.0 Faujasite structure, three-
dimensional pore structure 
formed by 12-member oxygen 
rings, large cavity of 13Å and 
surrounded by 10 sodalite 
cages. 
Petroleum cracking 
catalyst, hydrophobic 
molecules adsorbent, 
NOX reduction and gas 
separation. 
Zeolite X 1.0 – 1.5 Faujasite structure, three-
dimensional pore structure 
formed by 12-member oxygen 
rings, large cavity of 13Å and 
surrounded by 10 sodalite 
cages. 
Catalyst, molecular 
sieve adsorbent and 
dehydration agent. 
ZSM-5 10 - 50 Zig-zag pattern intersecting 
two-dimensional pore structure 
formed by 10-membered 
oxygen rings. 
Hydrocarbon 
conversion catalyst. 
Mordenite 5.0 - 100 Orthorhombic crystal structure 
with straight 12-membered 
ring channels (6.5 × 7.0 Å) and 
crossed 8-membered ring 
channels (2.8 × 5.7 Å). 
Paraffin and xylene 
isomerization, 
aromatics alkylation, 
catalytic NOX 
reduction, exhaust gas 
purification. 
Linde 
Type A 
1.0 – 1.5 Polyhedral units linked in 
three-dimensional space 
through 4 member rings. 
Detergent, molecular 
sieve adsorbent and 
dehydration agent. 
Beta 5.0 - 100 Tetragonal crystal structure 
with straight 12-membered 
rings channels (7.6 × 6.4 Å) 
with crossed 10-membered 
ring channels (5.5 × 6.5 Å). 
Aromatic catalyst, 
hydrocarbon absorbent, 
isomerization of waxes, 
NOX reduction. 
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Figure 2.1: The framework structural of synthetic zeolites: a) zeolite Linde A; b) 
zeolite Beta; c) Ferrierite; d) Mordenite; e) Zeolite Y; and f) ZSM-5 (International 
Zeolite Association, 2000). 
 
 
Tables 2.1 and 2.2 summarized the promising properties of natural and 
synthetic zeolites, respectively in the gas separation and purification processes.   
Natural zeolites have not had the commercial success, as synthetic zeolites due to the 
variations of their properties, impurity and limited sources.  It still has not been 
examined in such great detail due to industrial disadvantages such as inconsistency 
of composition and cost of purifications and modifications.  However, where 
uniformity and purity are not so important in a particular application, the cheapness 
of a natural zeolite may favor its use.  Synthetic zeolites, on the other hand, are more 
attractive for a specific application when high purity processes are required.  
Thereinafter, it is well concluded that natural and synthetic zeolites typically do not 
compete in the same application areas but play their own roles suitably to the 
demands.   
(a) (b) 
(c) (d) 
(e) (f) 
 14 
2.1.2 Zeolite structure and properties 
 
 
Zeolite comprises a significant group of aluminosilicate compounds.  Its 
structure is enclosed with interconnected cavities and is relatively porous.  The 
fundamental building block of the zeolite is a tetrahedron of four oxygen atoms 
surrounding a silicon or aluminium atom as shown in Figure 2.2 (Sing, 1989).  Each 
tetrahedra was then formed over other tetrahedral structural units, the so called 
secondary building unit (SBU’s) as shown in Figure 2.3 that contains up to 16 T 
atoms form regular crystalline structures of zeolite (Sing, 1989).  Secondary building 
units are commonly accepted criterion for classification of zeolites into individual 
structural groups (Mozgawa, 2005).   
 
 
 
 
 
 
 
Figure 2.2: Primary building unit of SiO4 and AlO4 tetrahedral (Meier and Olson, 
1992). 
 
 
Zeolites have widespread industrial applications such as highly selective 
adsorbents, ion exchangers and highly activity catalysts due to their open, cage like 
structures, high cation exchange capacities, high internal surface areas, variable 
aggregate sizes and high permeability properties (Sand and Mumpton, 1978).  
Zeolites present strong interactions with adsorbates.  Different diffusion and polarity 
properties of adsorbates have a different interaction with the zeolite framework, and 
thus are well separated by particular types of zeolite.  Apart from that, silica to 
alumina ratio in zeolite structure, pore volume and size, types of adsorption sites, 
acidity properties, chemical composition, shape of cages and channels in zeolite 
structure also are some of the factors, which contribute to the variations of zeolite 
adsorption properties (Joshi et al., 2001).   
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Figure 2.3: Secondary building units (SBUs) of zeolite (Meier and Olson, 1992). 
 
 
Moreover, the content of aluminium in zeolite regulates the polar properties 
of zeolite.  The polar properties of zeolite surfaces will produce strong interaction 
with polar molecules.  Low silica zeolites such as zeolite A and X consist of 
hydrophilic surface selectivity.  Meanwhile, high silica zeolites, which can be 
prepared by framework modification of hydrophilic zeolite like zeolite Y and 
mordenite, present hydrophobic properties.  Hydrophobic zeolites normally are very 
stable and withstand temperatures of up to 873 K or higher.  The hydrophilic and 
hydrophobic character of the zeolite can influence the activity of adsorption and 
catalytic processes (Ribeiro et al., 1995).  In addition, zeolites are stable either in 
acidic media or alkaline environment.  High humidity condition shows no effect on 
their adsorption properties.  They also can be used to adsorb radioactive cation in the 
ionizing process.  These stability properties of zeolite are crucial to their applications 
as ion-exchangers, sorbents and catalysts (Stelzer et al., 1998). 
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 From the economic viewpoint, zeolites are reusable nanomaterials.  Zeolites 
can be regenerated by using relatively easy methods such as heating to remove the 
adsorbed materials, ion exchanging process with sodium to remove cation, or 
pressure swing to remove adsorbed gases.  Meanwhile, in the health and safety 
aspects of zeolites, it was found to be non-toxic via oral, dermal, ocular, and 
respiratory routes of exposure; it was also found to be environmental friendly.  
Zeolites are safe to handle and are easy to use in a variety of reactors like other solid 
materials.  They have wide applications in food, drugs, cosmetic products and 
detergents (Frost and Sullivan, 2001).   
 
 
 
 
2.1.3 Development of zeolite adsorbent 
 
 
Serious environmental issue concerning global warming is mainly caused by 
gases such as carbon dioxide, water, methane and chlorofluorocarbon.  Gas 
adsorption using zeolite as gas adsorbent is an adequate method to reduce these gases 
directly with advantage concerning energy (Mizukami et al., 2001).  By studying the 
adsorption of a wide range of polar and non-polar molecules by zeolites and other 
well-defined adsorbents, they were able to demonstrate the importance of the 
adsorbent-adsorbate and adsorbate-adsorbate interactions in zeolite pore structure as 
high efficiency gas adsorbent.  The most significant characteristic of an adsorbent is 
its high porosity that provides large surface area.  Each adsorbent surface contains 
the particular dispersed attractive sites for the adsorbate molecules.  The adsorbed 
molecules may be mobile or fixed at certain position, depend on the strength of the 
forces binding them to the sites.  The adsorbent must have properties as high 
adsorption capacity, high selectivity, good mechanical strength, high stability 
adsorption capacity and adequate adsorption/desorption kinetic (Yong et al., 2002).   
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Basically, all the porous materials like γ-alumina, mesoporous M41S, silica 
gel, activated carbon, pillared clays, metal oxides and zeolites can be used as 
adsorbents.  Among all these porous materials, zeolites show good physical-chemical 
properties that are useful for a great number of applications principally because of 
their sorption capacity and their physicochemical properties.  Zeolites have long been 
established as a better adsorbent for drying and purifying processes and for 
separating certain components (Barrer, 1978; Vaughan, 1978).  The shape selective 
properties of zeolites are also the basic for their use in molecular adsorption.  The 
ability to adsorb certain molecules, while excluding others, has opened up a wide 
range of molecular sieving applications.  Highly polar cationic zeolites carry strong 
electric field gradients, thereby improving their status as gas adsorbents.  Zeolite are 
also advantageous as adsorbents in gas purification due to their reusable properties, 
that can lower material and operating costs, capital investment and eliminate the need 
for the disposal of large amounts of waste product as well as obtaining higher overall 
throughput for the adsorption system. 
 
 
Early in the 1970s where synthetic zeolites are not yet being prepared in large 
quantity, natural zeolites have been widely investigated as gas adsorbent for 
purification and separation process (Sand and Mumpton, 1978).  A large variety of 
natural zeolites were investigated on the equilibrium adsorption and diffusion 
properties.  These large variations of sorptive and diffusive properties exist in natural 
zeolite minerals are due to their diverse origins.  Several types of exchange isotherms 
have been observed to study the characteristics of cation-exchange equilibria in 
natural zeolites (Barrer, 1978).  In addition, sorption and diffusion of C2H4, C2H6 and 
n-C5H12 in natural erionite that have been investigated by Ruthven and Derrah (1978) 
also revealed the unique gas adsorption characteristics of natural zeolites.  Ma and 
Lee (1978) have presented a brief review of some previous works on sorption and 
diffusion in natural zeolites as shown in Table 2.3.   
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Table 2.3: Studies on natural zeolites (Ma and Lee, 1978). 
Type Adsorbate Types of Studies Reference 
Chabazite 
CO2, CH4, Ar, 
Freon 21 
Rate curves, diffusivities 
change with concentrations 
Brandt and 
Rudloff, 1968 
Chabazite 
He, Ar, O2, N2, 
CH4, C2H6, 
C3H8, n-C4H10 
Isotherms, heat, entropy and 
free energy of adsorption 
Barrer and 
Ibbitson, 1944 
Chabazite, 
Mordenite, 
Levynite 
C3H8, n-C4H10, 
CH2Cl2, 
(CH3)2NH 
Diffusivities and activation 
energy for diffusion 
Barrer and 
Brook, 1953 
Chabazite, 
Ca-Chabazite 
N2, CO, CO2, 
H2 
Heat of adsorption.  
Diffusion of surface 
heterogeneity and the role of 
quadrupoles 
Kington and 
Macleod, 1959 
Chabazite, 
Clinoptilolite, 
Erionite, 
Phillipsite 
CH4 
Adsorption capacity, ion 
exchanged properties and 
isotherms 
Munson, 1973 
Clinoptilolite CO2, Kr 
Effect of framework charges 
on gas sorption 
characteristics 
Barrer and 
Coughlan, 1968 
Erionite SO2 
Diffusion coefficients 
increased with increasing 
crystal sizes 
Gupta et al., 
1971 
Mordenite, 
Clinoptilolite 
SO2 and CO2 
mixtures 
SO2 and CO2 separation, 
sorption rates 
Ma and 
Belmonte, 1974 
 
 
Apart from that, adsorption of N2, CO, CO2 and NO has been studied on 
various molecular sieves include H-Mordenite, 4A and 5A zeolites, natural 
clinoptilolite and activated carbon (Triebe and Tezel, 1995).  The natural 
clinoptilolite show most promise for the separation of CO and NO from N2 at the 
temperature range of 273-398 K.  Mercer and Ames (1978) studied the adsorption 
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characteristics of natural zeolites for the separation of radioactive cesium from highly 
radioactive processing wastes.  Natural zeolites were also found as good adsorbent in 
the removal of ammonia-nitrogen in wastes (Hagiwara and Uchida, 1978; Hayhurst, 
1978), CO adsorption (Lee et al., 1996) and nitrogen-methane separation process 
(Hernández-Huesca et al., 1999). All the results revealed that zeolites are showing 
different adsorption characteristics at different adsorption conditions. 
 
 
As gas adsorbents, synthetic zeolites have found wide use in drying and 
purifying both gaseous and liquid streams in chemical, petroleum, and natural gas 
operations.  Adsorption of some hydrocarbons on 4A and 13X zeolites by inverse gas 
chromatography had been carried out to evaluate the adsorption thermodynamic 
parameters (Ĭnel et al., 2002).  Interactions of the benzene and n-hexane with 13X 
were found to be stronger than that on 4A.  In addition, measurement of adsorption 
equilibria and kinetics for argon, oxygen and nitrogen on 3A molecular sieve 
(Rutherford and Coons, 2005); oxygen and nitrogen adsorption on zeolite 4A, 5A 
and 13X (Valyon et al., 2003); CO2 adsorption on zeolite 5A (Cheng et al., 2005) 
and nitrosamines on zeolite KA and NaA (Yun et al., 2004) have been investigated. 
 
 
Apart from zeolites type A and faujasite, the adsorption behavior of methane 
and carbon monoxide in the pore of Ω-zeolite (Yamazaki et al., 2000); gas methane, 
ethane, ethylene, and carbon dioxide adsorption on silicalite-1 (Choudhary and 
Mayadevi, 1996); adsorption of nitrogen molecules at room temperature on copper-
ion exchanged ZSM-5 zeolite (Itadani et al., 2004) and alumina as gas adsorbent for 
SO2 and CO2 also being widely investigated (Rao et al., 1996; Horiuchi et al., 1998).  
Besides, H-ZSM-5 zeolite modified with zinc ions surprisingly shows improvement 
in methane adsorption selectivity (Kazansky et al., 2004a).  Therefore, the structural 
properties of different types of zeolite give great effects on gas adsorption 
characteristics.  All types of zeolite have their own properties and potential that 
suited for a particular adsorbate.  More adsorbents rather than zeolite type X and A 
should be advance investigated and well developed. 
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It has been reported that zeolite NaY is an important synthetic zeolite 
material as catalyst for petrochemical applications, and furthermore as adsorbent, for 
example in the separation of C8 aromatics.  Recently, zeolite NaY was found to 
present some attractive adsorptive and catalytic properties for eliminating NOx from 
exhaust gases of diesel and lean burn engines (Sultana et al., 2004).  A variety of 
molecules such as oxygen, argon, helium, nitrogen, and xenon can approach the OH-
groups in the supercages of zeolite, since it has a 12-oxygen aperture with 0.74 nm in 
diameter.  On the other hand, the open aperture of the small cavities in a 6-oxygen 
ring is 0.26 nm in diameter, so that most molecules, except water and ammonia, 
cannot approach the sites in the small cavities (Wakabayashi et al., 1997).  These 
molecular sieving properties enabling zeolite Na-Y exploited commercial in the 
adsorption process. 
 
 
Harlick and Tezel (2004) studied the adsorbent screening for CO2 and N2 
gases using thirteen adsorbents and they found out that Faujasites types-13 X and 
NaY zeolites are the most promising zeolites to be employed in the gas adsorption 
processes.  13 X zeolite shows the best equilibrium performance at low feed and low 
regeneration of CO2 pressures.  Meanwhile, NaY adsorbent exhibited higher 
efficiency for both high feed and high regeneration pressures.  The NaY adsorption 
behavior at high pressure condition as a function of temperature with excellent 
expected working capacities shows promise for Pressure Swing Adsorption (PSA), 
Temperature Swing Adsorption (TSA) and Pressure Temperature Swing Adsorption 
(PTSA) applications (Harlick and Tezel, 2004).  Due to these reasons, many research 
have been carried out using NaY zeolite as the membrane or adsorbent in the gas 
separation processes which require high temperature and high pressure operating 
conditions (Kusakabe et al., 1998; Hasegawa et al., 2001; Mizukami et al., 2001).  
These adsorption characteristics are well suited for the purpose of our study in the 
adsorption of gas CH4, N2 and CO2 at supercritical conditions.   
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The use of natural zeolite in adsorption process leads to synthesizing zeolites 
with different structures and properties.  This prompts from the fact that natural 
zeolite encounter several limitations such as limited resources and variation in 
properties due to chemical composition.  Therefore, research on synthetic zeolites 
that started in 1950s give a new dimension on gas adsorption and catalytic processes.  
Since then, many types of zeolite structures have been synthesized using 
hydrothermal condition method in order to meet various applications for chemical 
and petrochemical processes (IZA-Structure Commission; Barrer, 1982; Dabrowski, 
2001). 
 
 
Different methods have been established to produce different types of zeolites 
(van Bekkum et al., 1991; Barrer, 1978).  The method developed by Milton in the 
late 1940’s involves the hydrothermal crystallization of the reactive alkali metal 
aluminosilicate gels at low temperature and pressures.  Recently, Feijen et al. (1994) 
outlined steps for the synthesis of zeolite.  The preparation of an inhomogeneous gel 
was obtained by combining a silica source and an alumina source in water, under 
basic condition.  The zeolite reaction mixtures are formulated in the molar oxide 
ratio of the reactants.  For example, the reactant formulation for zeolite A is 8.7 
Na2O: Al2O3: SiO2: 560 H2O (van Bekkum et al., 1991).  The most simple zeolite 
composition is given by the overall Si/Al ratio, and the type and quantity of cation.  
The synthesis mechanism involves crystallization of mediated solution of the 
amorphous gel at a temperature near 100 °C (van Bekkum et al., 1991).  
 
 
However, the existing synthesized zeolite structures encounters problems 
such as highly hydrophobic or hydrophilic, thermally unstable at temperature higher 
than 700 °C, only allow monoatomic or diatomic molecules to pass through the pore, 
and adsorb at very low capacity (van Bekkum et al., 1991; Kucherov et al., 1998).  
These properties limit their applications in many industrial processes.  Therefore, 
modifications or post synthesis treatment are carried out in order to produce modified 
materials with desired properties (van Bekkum et al., 1991; Siantar et al., 1995; 
Rakic et al., 1999; Qian and Yan, 2001; Kurama et al., 2002; Trigueiro et al., 2002; 
Sato et al., 2003). 
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Generally, there are two major types of treatments that can be applied to 
zeolites; structural framework modification and surface interaction modification 
(Vansant, 1987; van Bekkum et al., 1991; Impens et al., 1999; Bae and Seff, 2001).  
Methods such as dealumination, deammoniation and cation exchange caused some 
changes not only to the physical properties but also the chemical properties of 
zeolites.  Dealumination (Muller et al., 2000; Fernandez et al., 1986) and desilication 
(van Mao et al., 1997, Cizmek et al., 1995; Ogura et al., 2001) is the removal of 
aluminium and silica from the framework respectively.  The removal of atoms can 
cause the enlargement of pore size as it occurs preferentially at lattice defects, thus 
‘opening’ the main channels, or generates secondary micropores by connecting side 
pockets of adjacent channels.  It also promotes the formation of mesoporous system 
or secondary pore structure.  However, cation exchange and metal ion dispersion 
methods are used for fine tuning the pore opening and the surface properties of 
zeolites (Vansant, 1987; Kurama et al., 2002; Kaushik et al., 2002; Sato et al., 2003).  
Table 2.4 shows that structure and framework modification caused some changes in 
pore size opening, pore size distribution, pore volume or formation of mesoporous 
structure.   
 
 
Since modification could lead to structural defects or variant special attention 
has to be paid to the method of modifications.  In this case, cation exchange offers 
several advantages for modification of zeolites.  It has simple procedure and can 
tailor not only the pore properties of zeolites, but also surface characteristics of 
adsorbent.  The presence of different cation change the physicochemical properties 
of zeolite, thus may improve gas adsorption characteristics.  Since the cations are not 
covalently bound, it can easily be replaced by other cations (Barrer, 1982; Armor, 
1998; Kurama et al., 2002).  According to Armor (1998), once the cation exchange 
takes place, zeolite exerts a strong, localized electrostatic field that can alter the 
chemistry of cations in the exchange site positions.  The success however, depends 
on the interrelation between the zeolite structure and the adsorption characteristics of 
adsorbates (Ackley and Yang, 1991; Armor, 1998; Kaushik et al., 2002).  Therefore, 
in order to control the accessibility of adsorbates, the suitable cation needs to be 
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identified and the amount of exchanged should be monitored and controlled.  Besides 
all the advantages, structural destruction also occurs due to the acidity of solution or 
the size of cation exchanged (Sato et al., 2003).  
 
 
Table 2.4: Modification techniques and the effect on zeolite properties. 
Modification 
methods 
Changes in properties References 
Dealumination • Removal of aluminium from the 
framework, increased acidity 
and hydrphobicity. 
• Enlargement of pores or 
formation of secondary pores. 
Muller et al. (2000), 
Goovaerts et al. (1989). 
Cation exchange • “Fine tuning” the pores. 
• Change thermal stability, acidity 
and catalytic activity. 
Kurama et al. (2002) 
Li et al. (2000) 
Desilication • Removal of silica from the 
framework.  Silica precipitates 
on the surface. 
• Increase activity. 
• Mesopore formation. 
Van Mao et al. (1997) 
Cizmek et al. (1995).  
Ogura et al. (2001) 
Silylation • Surface modification. 
• Change zeolite porosities and 
affinities. 
Impens et al. (1999) 
Spontaneous 
monolayer 
dispersion 
• Surface modification without 
changing chemical composition 
of based zeolite.   
• Pore size changed due to the 
formation of monolayer. 
Qian et al. (2001), Xie 
and Tang (1990) 
Silanation • Pore modification. 
• Change the acidity. 
Klemm et al. (1997), 
Kim et al. (1999) 
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Many studies mainly focused on the physical features of modified zeolites 
(Carvalho et al., 1994; Siantar et al., 1995; Oka et al., 1997; Huang et al., 1998; 
Triantafillidis et al., 2000; Albert and Cheetham, 2000; Qian and Yan, 2001; 
Trigueiro et al., 2002; Sato et al., 2003; Nery et al., 2003), and only a few reported 
the effect of modification on gas adsorption capacity (Bellat et al., 1995; 1995; 
Hutson et al., 1999; Hajiivanov et al., 2003) that involve several types of zeolites 
such clinoptilolite, zeolite Y (NaY), and zeolite X (NaX).  However, thermodynamic 
and kinetic data are also equally important in determining the adsorption 
characteristics of the modified adsorbents.  In this case, the effect of aluminium or 
silicon removal, the presence of different cation or metal oxides or metal halides on 
gas adsorption capacity, gas adsorption isotherm, kinetic of adsorption, and gas-
zeolite interaction need to be further studied in order to understand the potential used 
of this modification methods in tailoring zeolite for specific application. 
 
 
 
 
2.1.4 Natural gas adsorbents 
 
 
Natural gas is a combustible mixture of hydrocarbon gases. While natural gas 
is formed primarily of methane, it can also include ethane, propane, butane and 
pentane. The composition of natural gas can vary widely, below is a chart outlining 
the typical makeup of natural gas before it is refined. From Table 2.5, it is clearly 
shows that carbon dioxide is the highest impurities (up to 8%) compare to others. 
Since the presence of carbon dioxide tend to cause corrosive and inert property 
problem, therefore it is necessary to remove this unwanted gas. In its purest form, 
such as the natural gas used in Natural Gas Vehicles (NGV), it is almost pure 
methane. Methane is a molecule made up of one carbon atom and four hydrogen 
atoms, and is referred to as CH4. Ethane, propane, and the other hydrocarbons 
commonly associated with natural gas have different chemical formulas.  
 
 
 25 
 
Table 2.5: Typical composition of natural gas (Anon, 2005) 
Composition Molecular Formula Percentage 
Methane CH4 70 – 90% 
Ethane C2H6 
Propane C3H8 
Butane C4H10 
0 – 20% 
Carbon Dioxide CO2 0 – 8% 
Oxygen O2 0 – 0.2% 
Nitrogen N2 0 – 5% 
Hydrogen Sulphide H2S 0 – 5% 
Rare Gases A, He, Ne, Xe trace 
 
 
Natural gas is considered 'dry' when it is almost pure methane, having had 
most of the other commonly associated hydrocarbons removed. When other 
hydrocarbons are present, the natural gas is considered 'wet' gas. It has many uses, 
residentially, commercially, and industrially. Natural gas can be found in reservoirs 
underneath the earth and is commonly associated with oil deposits. Production 
companies search for evidence of these reservoirs by using sophisticated technology 
that helps to find the location of the natural gas, and drill wells in the earth where it is 
likely to be found. Once brought from underground, the natural gas is refined to 
remove impurities like water, other gases, sand, and other compounds. Some 
hydrocarbons are removed and sold separately, including propane and butane. Other 
impurities are also removed, like hydrogen sulfide (the refining of which can produce 
sulfur, which is then also sold separately). After refining, the clean natural gas is 
transmitted through a network of pipelines. From these pipelines, natural gas is 
delivered to its point of use.  
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2.1.4.1 Carbon Dioxide Removal  
 
 
Fossil fuels will likely remain the mainstay of energy supply well into the 
21st century. Availability of these fuels to provide clean, affordable energy is 
essential for the prosperity and the security of the world. However, increased CO2 
concentration in the atmosphere due to emissions of CO2 from fossil fuel combustion 
has caused concerns about global warming. Improving the efficiency of energy 
utilization and increasing the use of low-carbon energy sources are considered to be 
potential ways to reduce CO2 emissions. Recently, CO2 capture and sequestration are 
receiving significant attention and being recognized as a third option for reduction in 
the global CO2 emission (Khatri et al., 2005; Kaggerud et al., 2006). Furthermore, 
enriched CO2 streams can be an important starting material for synthetic clean fuels 
and chemicals. For carbon sequestration, the cost for CO2 capture is expected to 
comprise about 75% of the total costs for geological or oceanic sequestration, with 
the other 25% costs attribute to transportation and injection. Therefore, the 
development of techniques for the cost-effective separation and capture of CO2 is 
considered to be one of the highest priorities in the field of carbon sequestration (Xu 
et al., 2002; Xu et al., 2005).  
 
 
 Several techniques to remove CO2 from gas mixtures have been studied since 
1970, but most of them were applied to produce technical CO2 as process gas, mainly 
for the food and chemical industry. In the following decade, some of the CO2 capture 
systems were considered for application in power plants and separation of natural 
gas. With the discovery of increased number of natural gas fields, more power plants 
are converting to the use of natural gas.  
 
 
 Among the alternative for CO2 capture, chemical absorption with amine 
aqueous solutions was demonstrated as one of the most mature and less expensive 
technologies to be applied to power plants. The absorption stripping system is 
particularly interesting because of its possibility to regenerate the solution 
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continuously, thereby in an almost closed cycle (Desideri and Paolucci, 1999; Xu et 
al., 2005). The plant for removing CO2 from flue gases has two main elements, which 
are the absorption and stripping packed columns. It allows a continuous regeneration 
of the amine solution, which saves considerable amounts of solvent. Amines in the 
water solution react with CO2 in the absorption column, forming chemical 
compounds that separate CO2 from the gas mixtures at a higher rate than the natural 
CO2 absorption in pure water (Desideri and Paolucci, 1999).  
 
 
To date, all commercial CO2 capture plants use processes based on chemical 
absorption with alkanolamine such as monoethanolamine (MEA) solvent. An 
example is the Fluor Econamine process. However, the liquid amine-based processes 
suffer from high regeneration energy, large equipment size, solvent degradation and 
equipment corrosion. To overcome these disadvantages, several other separation 
technologies, such as, adsorption, membrane and cryogenic separation have been 
studied. Because of the low energy requirement, cost advantage, and ease of 
applicability over a relatively wide range of temperatures and pressures, adsorption 
separation attracts much interest. The main target for adsorption separation is to 
develop an adsorbent with high CO2 adsorption capacity and high CO2 selectivity 
(Desideri and Paolucci, 1999; Xu et al., 2003; Xu et al., 2005).  
 
 
 
 
2.1.4.2 Adsorption as CO2 removal method 
 
 
Adsorption is one of the promising methods that could be applicable for 
separating CO2 from gas mixtures, and numerous studies have been conducted on 
separation of CO2 by adsorption in the last two decades. Various adsorbents, such as 
activated carbons, pillared clays, metal oxides, and zeolites have been investigated. 
At lower temperatures (room temperature), the zeolite-based adsorbents have 
generally been found to show higher adsorption capacity. CO2 adsorption capacity of 
zeolite 13X, zeolite 4A, and activated carbon was about 160, 135, and 110 mg/g-
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adsorbent, respectively, at 25 °C and 1 atm CO2 partial pressure. However, their 
adsorption capacities rapidly decline with increasing temperature (Zheng et al., 
2005). Moreover, since all the gases are physically adsorbed into/onto these 
adsorbents, the separation factors (such as CO2/N2 ratio) are low. To operate at 
relatively high temperature and reach a high separation factor, chemical adsorption 
was adopted. Investigation of the adsorption performance of hydrotalcite showed a 
CO2 adsorption capacity of 22 mg/ g-adsorbent at 400 °C and 0.2 atm CO2 partial 
pressure. Meanwhile, MgO showed an adsorption capacity of 8.8 mg/g-adsorbent at 
400 °C. Both types of adsorbents need high temperature operation and have a low 
adsorption capacity, thus they are not suitable for practical use for CO2 separation 
(Desideri and Paolucci, 1999; Xu et al., 2002; Xu et al., 2005). 
 
 
For practical applications, selective adsorbents with high capacity are desired. 
Many of the separations should preferably be operated at relatively higher 
temperature, for example, higher than room temperature and up to ~150 °C which is 
a typical value of power plant stack temperature (Pedersen et al., 1995; Kaggerud et 
al., 2006). Developing an adsorbent with high CO2 selectivity and high CO2 
adsorption capacity, which can also be operated at relatively high temperature, is 
desired for more efficient CO2 separation by an adsorption method. 
 
 
Eventually, a new concept called “molecular basket” has been explored to 
develop a high capacity, highly selective CO2 adsorbent. A novel type of solid 
adsorbent has been discovered, which can serve as a “molecular basket” for 
“packing” CO2 in condensed form in the nanoporous channels. To capture a large 
amount of CO2 gas, the adsorbent needs to have large pore channels filled with a 
CO2 capturing substance as the “basket”. To cause the “basket” to be a CO2 
“molecular basket”, a substance with numerous CO2 affinity sites should be loaded 
into the pores of the support to increase the affinity between the adsorbent and CO2 
and as a result, the CO2 adsorption selectivity and CO2 adsorption capacity can be 
increase. In addition, the adsorption affinity to CO2 by the CO2 –philic substance 
increased in the confined mesoporous environment and therefore the mesoporous 
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molecular sieve can have a synergetic effect on the adsorption of CO2 by CO2 –philic 
substance (Xu et al., 2003; Xu et al., 2002; Xu et al., 2005). 
 
 
 
 
2.1.4.3 Mesoporous silica as CO2 adsorbents  
 
 
 In addition to zeolites, the applications of mesoporous molecular sieves are as 
exciting as their discovery. In earlier years, mesoporous materials were examined for 
applications relating to their large pore volumes. Such applications including the use 
of mesoporous adsorbents for removal of volatile organic compound (VOC) in the 
industrial setting. In pursuit of such goals, the behavior of a variety of adsorbates has 
now been comprehensive. Almost all reported data agree that mesoporous materials 
have large accessible internal pore volumes which can be filled at pressures 
appropriate with the pore size (Zhao et al., 2001; Beck and Vartuli, 1996). 
 
 
The sorptive properties of MCM-41, the hexagonal member of the M41S 
family of mesoporous silicates, have been extensively characterized using a variety 
of adsorbates. Some recent highlights include careful comparison of adsorption of a 
series of gases in a single sample of MCM-41. This work showed that the type of 
isotherm observed is highly dependent upon a number of factors including the 
material composition, pore size, and nature of the adsorbent. Current study of 
adsorption isotherms on gases like argon, nitrogen and oxygen using well 
characterized MCM-41 sample confirm that MCM-41 has a narrow pore size 
distribution and exhibits extraordinary pore volume compared to classical 
microporous materials (Zhao et al., 1996; Dabrowski, 2001; Barton et al., 1999; 
Beck and Vartuli, 1996). 
 
 
Despite the impressive adsorption capacities of these materials, their type IV 
isotherm behavior requires the adsorbate, in the gas phase, to be at high partial 
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pressure. However, by contrast in most industrial application, for example VOC 
uptake, where adsorption at low partial pressures (type I isotherms) is required and 
poses constraint to the mesoporous materials application. Industrial applications 
which utilize mesoporous materials are catalytic processes, mini-reactors for electron 
transfer reaction, as a host for quantum confinement, molecular wires and shape-
selective polymerization (Beck and Vartuli, 1996).  
 
 
 
 
2.2 Gas Adsorption  
 
 
2.2.1 Introduction 
 
 
Adsorption is a phenomenon denotes the taking up of gas, vapor or liquid by 
a surface on interface.  It is a fundamental physicochemical property of solids and 
liquids to retain one or more components (atom, molecules or ions) from another 
solid, liquid or gas in contact with the surface.  The adsorbing phase is the adsorbent, 
and the material concentrated or adsorbed at the surface of that phase is the 
adsorbate.  Adsorption is different from absorption; a process in which material 
transferred from one phase to another interpenetrates the second phase to form a 
‘solution’.  Adsorption is mainly caused by Van der Waals force and electrostatic 
force between adsorbate molecules and the adsorbent surface.  Therefore, surface 
properties such as surface area, polarity and pore size distribution are important 
properties for adsorbents characterization (Suzuki, 1990; Yang, 1997). 
 
 
Generally, gas adsorption in zeolite adsorbents can be classified into two 
types of phenomena, namely physisorption and chemisorption.  Physical force of 
attraction hold the gas molecule to the adsorbent is known as physisorption.  It is a 
process in which attraction force fields at the solid surfaces pull molecules or ions 
from the gas phase and bind them reversibly to the surface (Dabrowski, 2001).  
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Meanwhile, chemisorption is a process where the chemical forces hold the gas 
molecules to the surface of the adsorbent.  It involves a displacement of electrons 
between the adsorbate and adsorbent.  Physisorption is the preferred method used in 
the gas separation and purification application.  This is due to the fact that the 
adsorbent can be regenerated by heating or flushed to remove the adsorbed gas 
molecules that attached to the solid.  Thereby, the process is more profitable and 
economical. 
 
 
Adsorption of gas on microporous zeolite-based adsorbents generally behaves 
as Type I isotherms in the international (IUPAC) classification.  This isotherm is 
suitable apply for temperature below critical temperature of adsorbate (Aranovich 
and Donohue, 1995).  It does not include the behavior of supercritical adsorbates at 
high pressures (1 – 200 atm).  Several studies have been developed as summarized in 
Table 2.6 for gas adsorption characteristics on zeolite-based adsorbents that involved 
discussion on adsorption equilibria study, kinetics study, thermodynamic data 
(differential heat of adsorption, differential entropy of adsorption, internal energy) 
and adsorbate-adsorbent interaction.   
 
 
Each experimental works resulting different opinions in adsorption isotherm 
selection for equilibrium study.  The variant in experimental conditions and 
parameters such as pressure, temperature, adsorbates and adsorbent is lead to the 
significance differences in their results and discussions.  Only few literatures are 
available for gas adsorption at supercritical conditions, which means adsorption at 
both high temperature and high-pressure condition.  Furthermore, gas adsorption 
characteristics study on metal oxide modified zeolite is not comprehensively 
discussed.  Therefore, the adsorption controlling parameters effects on single gas 
adsorption equilibrium, kinetic transport, thermodynamic properties and gas-zeolite 
interaction should be well reviewed and understood before predicting any adsorption 
isotherm and kinetic model of zeolite based adsorbents especially novel metal oxide 
modified zeolite adsorbent for commercial separation and adsorption applications. 
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Table 2.6: Studies on zeolite based adsorbents. 
Adsorbent Adsorbate Adsorption properties Temperature Pressure Reference 
Na-Y, K-Y, Ba-Y Xylene Isotherms, enthalpies and entropies of adsorption. 423 – 673 K 1.2 kPa 
Bellat and Simonot-
Grange, 1995. 
Natural zeolite CO Isotherms and adsorption capacity. 288 K 3.17 kPa Lee et al., 1996. 
H-Y O2, Ar, He, N2, Xe Adsorbate-adsorbent interactions. 150 –182 K 0.4 – 19.7 kPa 
Wakabayashi et al., 
1997. 
Ω-zeolite CH4, CO 
Isotherms, isosteric heat of 
adsorption and adsorbate-adsorbent 
interaction. 
184 – 323 K 0 – 70 kPa Yamazaki et al., 2000. 
H, Li, Na, K-
exchanged Ferrierite H2, N2, CO, NO Adsorbate-adsorbent interaction. 100 K 6.6 kPa Bordiga et al., 2000. 
Alkali metal cations-
exchanged Y zeolite CO2, N2 Diffusitivities and isotherms. 308 K 0 – 100 kPa Hasegawa et al., 2001. 
5 A CO2 Isotherms and adsorption capacity. 273 – 523 K 
0.00013 – 133.3 
kPa Yong et al., 2002. 
4 A, 5 A, 13 X N2, O2 
Isotherms, heat of adsorption and 
interaction energy. 298 – 393 K 100 – 700 kPa Valyon et al., 2003. 
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Table 2.6: Continued 
Adsorbent Adsorbate Adsorption properties Temperature Pressure Reference 
Be2+, Mg2+, Ca2+, 
Sr2+, Ba2+-exchanged 
Y zeolite 
CO Adsorbate-adsorbent interaction. 85 – 293 K 1 – 2 kPa Hadjiivanov et al., 2003. 
Zn-ZSM-5 CH4 Adsorbate-adsorbent interaction. 295 K 0.13 – 2 kPa 
Kazansky et al., 
2004a. 
Cu-ZSM-5 N2 
Isotherms and differential heat of 
adsorption. 301 K 0 – 15 kPa Itadani et al., 2004. 
5 A, 13 X, NaY, HY, 
H-ZSM-5 and their 
ion-exchanged form. 
N2, CO2 
Heat of adsorption and internal 
energy of adsorption. 295 K 
0.13 – 253.3 
kPa 
Harlick and Tezel, 
2004. 
Li+, Na+, K+ and 
Ca2+, Sr2+, Ba2+ 
exchanged X zeolite. 
N2, Ar 
Isotherms and differential 
enthalpies of adsorption. 300 K 50 kPa Maurin et al., 2005. 
Na-ZSM-5, 
K-ZSM-5 H2 
Differential heats of adsorption and 
differential entropies of adsorption. 89 – 135 K 
0.285 – 11.0 
kPa Areán et al., 2005 
5 A, NaX, H-ZSM-5 
and ion-exchanged 
NaX 
N2, Ar 
Isotherms of adsorption, 
differential enthalpies and 
differential entropies of adsorption. 
77 – 302 K 0 – 4000 kPa Llewellyn and Maurin, 2005. 
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2.2.2 Adsorption parameters 
 
 
The phenomenon of adsorption of gases by solids strongly depends on the 
nature of adsorbent and adsorbate, surface area of the adsorbent, rate of adsorption, 
temperature and pressure.  Gases like SO2, NH3, HCl and CO2, liquefy more easily, 
adsorbed more readily than permanent gases like H2, N2 and O2 due to have greater 
Van der Waals or the molecular forces of attraction or cohesive forces.  The amount 
of gas adsorbed is dependent on the types of adsorbents selected (Chhatwal and 
Mehra, 1974).  For example, the adsorption of same types of adsorbates (CO2, CH4 
and N2) in coals (Cui et al., 2004) and in natural zeolites (Hernández-Huesca et al., 
1999) showed totally different equilibrium and kinetic results due to the structural 
properties and experimental conditions effects.   
 
 
Instead of nature of adsorbent and adsorbate, high surface area adsorbents are 
essential for gas adsorption.  A large specific surface area is preferable for providing 
large adsorption capacity; the well-ordered micropore size distribution also 
determines the accessibility of adsorbate molecules to the internal adsorption surface 
(Suzuki, 1990).  Small pores in the adsorbent materials would increase the force 
fields and enhances the adsorption in the micropores (Ruthven, 1984).  Zeolite 
framework modification via ion-exchange method for instance, changed the behavior 
of adsorption phenomena in zeolite (Sousa-Aguiar et al., 1998; Bordiga et al., 2000).   
 
 
In addition, gases with higher adsorption rates will adsorb much faster than 
other gases in the gas adsorption and separation processes.  This characteristic is 
depending on molecular weight, shape, polarity and size of pores in the adsorbent.  
Chemical attraction between adsorbent and adsorbate is also another major factor 
that controls the adsorption behavior.  The attraction is largely due to polarity and 
particle size.  Adsorbent with small pore sites will not be able to hold large adsorbate 
particles.  Moreover, the variation in zeolite molecular dimension might cause the 
differences in gas uptake rate and diffusivities in the adsorption process as well 
(Rutherford and Do, 2000).   
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The extent of adsorption also depends upon the temperature and pressure of 
the process.  According to the Le Chatelier principle, at constant adsorption pressure, 
the decrease in temperature will increase the rate of adsorption. This is due to the 
decrease of gas molecules mobility and enhances the adsorption capability on 
adsorbent surfaces. Conversely, at constant adsorption temperature, the magnitude of 
adsorption decreases with the decrease in pressure and vise versa. High pressure 
caused high force of Van der Waals and electrostatic force between adsorbate and 
adsorbent (Chhatwal and Mehra, 1974; İnel et al., 2002; Ustinov et al., 2002; Areán 
et al., 2005).  However, at supercritical condition that will be further discussed in 
Section 2.3.5.2, high temperature give not much effects on the adsorption capacity.  
Meanwhile, the magnitude of adsorption decreases with the increase in pressure 
when the adsorption equilibrium reaches the saturation capacity (Aranovich and 
Donohue, 1995).   
 
 
 
 
2.2.3 Adsorption equilibrium  
 
 
2.2.3.1 Adsorption equilibrium isotherm 
 
 
Analysis of adsorption equilibria begins with classification of the isotherms.  
In gas adsorption, dynamic phase equilibrium is established for the distribution of the 
solute between the gas and the solid surface.  The equilibrium is usually expressed in 
terms of partial pressure and the solute loading on the adsorbent, expressed as mass, 
mole or volume of adsorbate per unit mass, mole or volume of the adsorbent (Suzuki, 
1990).  At a constant temperature, a plot of solute loading on the adsorbent versus 
partial pressure is called the adsorption isotherm.  From the physisorption isotherms, 
the isotherm type, the nature of the adsorption process and type of pore structure for 
its quantitative evaluation could be identified (Sing, 1989).  The majority of sorption 
isotherms can be grouped into six types as summarized in Llewellyn and Maurin 
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(2005).  It is based on an earlier classification by Brunauer with five types of 
isotherm (Donohue and Aranovich, 1998).  The hypothetical differential enthalpy of 
adsorption curves that correspond to the IUPAC also included (Llewellyn and 
Maurin, 2005).  The IUPAC classifications cover the behavior of a great number of 
adsorption systems.  However, there are many systems whose isotherms do not fall 
into any of the IUPAC classes.  These isotherms still lack of data to permit the 
calculation of contact time or amount of adsorbent required to reduce the 
concentration of solute below or over the prescribed limits.  It is incomplete and it 
gives the incorrect impression that adsorption isotherms are always monotonic 
functions of pressure (Donohue and Aranovich, 1998; Sangwichien et al., 2002).   
 
 
Basically, features of physical adsorption of supercritical gases at high 
pressure are different compared to subcritical fluid adsorption, which presents a 
challenge for fundamental theoretical researches.  Excess adsorption isotherm is very 
important rather than absolute adsorption alone that counted in the subcritical 
adsorption process.  Recently, two assumptions are mainly used and proposed: the 
excess adsorption obeys Ono-Kondo equation, while the absolute adsorption 
followed the Langmuir equation (Ustinov et al., 2002).  The theory of adsorption of 
supercritical fluids at high pressure is not complete.  Ono-Kondo equation that being 
widely investigated also involve fitting parameters that do not consider the real pore 
structure of adsorbents and pore size distribution.  Grand canonical Monte Carlo 
(GCMC) simulations also can obtain adequate description of high-pressure 
adsorption (Suzuki et al., 2000; Do and Do, 2003; Raaen and Ramstad, 2005).  
However, these methods are time consuming and lead to poor predictions for pure 
component adsorption.  Due to the awareness of incomplete information, a new 
classification of adsorption isotherms based on Gibbs approach has been introduced 
by Donohue and Aranovich (1998) in Figure 2.4.  This new classification is based on 
the IUPAC scheme.  There are five types of isotherms in this classification based on 
Gibbs adsorption, which would change dramatically to become non-monotonic when 
experimental conditions approaching the critical point in the adsorption.  
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Table 2.7: Six IUPAC classified isotherms and corresponding hypothetical 
differential enthalpy of adsorption isotherm (Llewellyn and Maurin, 2005). 
 
IUPAC 
Isotherms Remarks 
Differential Heat 
of Adsorption Remarks 
 
 
 
 
 
 
- Microporous.   
- Monolayer 
adsorption. 
- High capacity at 
low P/P0. 
 
- Strong 
interactions in 
the initial uptake 
for monolayer 
coverage. 
 
 
 
 
 
 
- Non-porous or 
macroporous. 
- Monolayer and 
multilayer 
adsorption. 
 
- Decrease rapidly 
to the enthalpy of 
ΔvapH. 
- Varied with 
CBET, specific 
sites. 
 
 
 
 
 
 
- Weak adsorbent-
adsorbate 
interactions. 
 
- Initially below 
the ΔvapH of gas. 
- Entropy effect 
drives the 
adsorption. 
 
 
 
 
 
 
- Mesoporous. 
- Multilayer 
adsorption. 
- Capillary 
condensation 
occurs. 
 
- Decrease to 
ΔvapH of the gas. 
- Slight increase 
during capillary 
condensation. 
 
 
 
 
 
 
- Weak adsorbent-
adsorbate 
interactions. 
 
- Initially below 
the ΔvapH of gas. 
- Entropy effect 
drives the 
adsorption. 
 
 
 
 
 
 
- Uniform non-
porous surface. 
- Multilayer 
adsorption. 
 
- Constant for 
initial coverage. 
- Distinct peak 
when complete 
of monolayer. 
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Type I shows adsorption isotherms on microporous adsorbents for subcritical 
and supercritical conditions.  At supercritical conditions, the isotherm reveals non-
monotonic adsorption and shows a maximum peak near the critical density. Types II 
and Types III are isotherms for macroporous and non-porous adsorbents, 
respectively.  At low temperatures, both isotherms have steps; they transform to 
smooth monotonic curves with increasing temperature until the stage of critical 
temperatures for the adsorbate, these isotherms dramatically change to non-
monotonic behavior.  They show sharp maxima near the critical temperature. Types 
IV and V characterize mesoporous adsorbents with strong and weak affinities 
respectively.  They show adsorption hysteresis at low temperature.  The hysterisis 
decrease with the increase of adsorption temperature (Sangwichien et al., 2002). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: New classification of adsorption isotherms for physical adsorption of 
gases on solids (Donohue and Aranovich, 1998). 
 
 
It is therefore very important to select the appropriate isotherm equation to 
describe a measured gas/solid isotherm with physical properties of the adsorbent or 
adsorbate.  Software for gas/solid adsorption measurements even developed for 
adsorption experiments (Tóth, 2000).   
 
Relative pressure, P/P0 
Amount adsorbed (cm3/g STP)  
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2.2.3.2 Adsorption equilibrium model 
 
 
In adsorption equilibrium study, many types of equilibrium models have been 
investigated to predict the experimental works data on gas adsorption and separation 
processes.  Unfortunately, there is always a limitation and some drawbacks for a 
specific model.  First of all, Henry’s law constants are used to calculate the initial 
linear portion of the adsorption isotherms.  The temperature and pressure ranges that 
studied are too limited.  The adsorption equilibrium models selected for particular 
adsorbate are varied depending on the nature of adsorbates and adsorbents, 
temperature and pressure of adsorption processes (Choudhary and Mayadevi, 1996; 
Burggraaf et al., 1998; Burggraaf, 1999).   
 
 
In the fundamental view of point, the thermodynamic models Langmuir, 
Fowler, and Dubinin-Radushkevich (DR model) are those often selected due to their 
simplicity and frequently used to describe the adsorption of gas on zeolite (Bellat and 
Simont-Grange, 1995).  DR equation and its modification have been used widely for 
the analysis of adsorption on microporous adsorbents with Type I isotherm.  
Nevertheless, DR equation does not give correct behavior either for very low 
pressures or for moderate to high pressures.  It contains a parameter, saturated 
pressure, which cannot be defined in the supercritical region by any physical theorem 
(Zhou and Zhou, 1998).   
 
 
In Langmuir theory, the surface area of high porous adsorbent such as zeolite 
cannot be easily defined (Sing, 1998).  The fist two assumptions in Langmuir 
isotherms, which the gas is assumed to be ideal and monolayer adsorption, are 
reasonable for zeolite adsorbent but not for metal oxide modified zeolite 
(heterogeneous surface).  Adsorbed molecules may be mobile on the surface, interact 
with each other, multilayer adsorption and not localized as assume by Langmuir 
model (Ma and Lee, 1978).  In Brunauer, Emmett, Teller (BET) model, each site of 
adsorbent can accommodate to infinity adsorbate molecules, which are not mobile on 
the surface (Yang, 1997).  However, this model is not applicable to adsorption under 
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supercritical conditions (Sing, 1998).  Freundlich isotherm has the same drawback 
for supercritical gas adsorption as well.  The Freundlich isotherm expressed the 
amount adsorbed as a function of the equilibrium concentration (Sing, 1998).  At 
high-pressure condition, the tendency of adsorption isotherm is not followed the 
Freundlich equation in which the amount of gas adsorbed attains a constant values 
instead of increases in an exponential form (Cordeiro et al., 2005).  Rege et al. 
(2000) also found that the Polyani potential theory is the suitable model for 
description of low pressure or low concentration data only.   
 
 
In the Khelifa et al. (2004) model review, the adsorption of CO2 behavior is 
contradictory to the fundamental of Fowler-Guggenheim isotherm.  Poor agreement 
was also found with Volmer and Sips equation for there is always an interaction 
between the adsorbed molecules related to the thermodynamic data as isosteric heat 
of adsorption.  Meanwhile, Hill de Boer equation that takes account the mobility and 
interactions between the adsorbed molecules is found not suitable to express the 
adsorption for CO2 adsorption on hydrophilic zeolite surface at low coverage 
(Khelifa et al., 2004). Moreover, the Ono-Kondo lattice model based on Gibbs 
adsorption theory was based on the adsorption behavior on slit pore lattice model.  
 
 
Apart from that, Zhou and Zhou (1998) modified and linearized the Dubinin-
Astakhov equation for gas hydrogen adsorption on activated carbon under 
supercritical conditions.  Compared to conventional isotherm equations, the proposed 
model for linear isotherms avoid the use of any fictitious physical quantity, preserves 
the temperature invariance characteristic curve, able to identify the effect of 
adsorbate volume on adsorption isotherms give more precise values of isosteric heats 
of adsorption (Aranovich and Donohue, 1997).  Nevertheless, there is not enough 
information in literature up to date relating to the linearized isotherms for zeolite 
adsorption applications.  The suitability of this linear isotherm model approach on 
zeolite-based adsorbents still does not reach the conformity and recognized.  Table 
2.8 gives a basic review on several empirical and theoretical approaches pursued by 
many researchers for the gas adsorption processes.   
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Generally, every equilibrium model was connected with explicit equations in 
isotherm and, conversely, for every equation could be constructed a model.  These 
models are limited in their scope in trying to understand the fundamental nature of 
the adsorption process.  Despite all the equations and fundamental theory described 
above, it is also obvious that the adsorption behavior of gases on metal oxides 
modified zeolites is neither well defined nor been investigated for sub critical and 
supercritical conditions.   
 
 
Table 2.8: Summary of existing adsorption models. 
Model of adsorption Remarks References 
Henry Mobile; two-dimensional gas. 
Bellat and Simont-
Grange, 1995; Harlick 
and Tezel, 2004. 
Langmuir 
Located, homogeneous; 
no interaction between the 
molecules. 
Bellat and Simont-
Grange, 1995; Khelifa et 
al., 2004. 
Fowler-Guggenheim 
Located, homogeneous; 
interactions between the 
molecules. 
Bellat and Simont-
Grange, 1995; Khelifa et 
al., 2004. 
Dubinin-
Radushkevich (DR) 
Adsorption in micropore 
volume and large void 
materials. 
Yang, 1997; Roque -
Malherbe, 2000. 
Volmer Mobile gas; no interaction between the adsorbates Khelifa et al., 2004. 
Hill-De Boer Mobile gas; interactions between the adsorbates. 
Khelifa et al., 2004; 
Tóth, 2004. 
Sips Localized adsorption; no adsorbates interaction. 
Pakseresht et al., 2002; 
Khelifa et al., 2004. 
Ono-Kondo 
Lattice model with 
adsorbate-adsorbent 
interactions for whole 
ranges of relative 
pressures. 
Aranovich and 
Donohue, 1995; 1997). 
Freundlich 
Heterogeneous surfaces 
adsorption; no limit of 
adsorption capacity. 
Kanô et al., 2000; 
Cordeiro et al., 2005. 
Brunauer, Emmett, 
Teller (BET) 
Multilayer adsorption; 
heat of adsorption 
constant; adsorption sites 
are equivalent.   
Suzuki, 1990; Yang, 
1997. 
Gibbs Absolute adsorption and excess adsorption. 
Sanwichien et al., 2002; 
Backhaus-Ricoult, 2003; 
Tóth, 2004. 
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2.2.3.3 Heat of adsorption 
 
 
Gas adsorption process is an exothermic process.  Adsorption isotherms are 
methods for characterizing adsorbents, but characterization is incomplete without 
information on heat of adsorption (energy).  The isosteric heat of adsorption of gases 
at different surface coverage and constant adsorbate loading was normally calculated 
from the isotherm data by the Clausius-Clapeyron equation (Choudhary and 
Mayadevi, 1996; Ĭnel et al., 2002).   
 
 
 (2.1) 
 
 
This equation defined the isosteric heat of adsorption by differentiating a 
series of adsorption isotherms at constant loading.  One common feature is that the 
isosteric heat of gas adsorption sharp decreases with the increase of adsorbate 
loading that due to the site heterogeneity (Hernández-Huesca et al., 1999; Khelifa et 
al., 2004).  Subsequently, a flat heat profile with increasing adsorbate loading 
indicates a balance between the strength of energetic heterogeneity of adsorbate-
zeolite interactions and adsorbate-adsorbate interactions.  However, the above 
equation assumes a perfect state or ideal gas properties for the equilibrium phases.  
Its connection with the enthalpy of the adsorbed phase and its extension to the case 
of real gas mixtures had led to the considerable confusion.  It could not give precise 
values of isosteric heat of adsorption for some conventional isotherm models at 
supercritical conditions (Myers, 2002). Therefore, the linearized isotherm model has 
been developed by Zhou and Zhou (1998) to satisfy the prerequisite of Clausius-
Clapeyron equation where the effect of non-ideal states of the equilibrium phase was 
eliminated.  The final equation used for calculating the isosteric heat of adsorption is 
given by Equation 2.2: 
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Moreover, it is obvious that many studies applied the inverse gas 
chromatography method to evaluate the gas adsorption characteristics and isosteric 
heat of adsorption as well (Katsanos et al., 1999; İnel et al., 2002; Díaz et al., 2004a; 
Díaz et al., 2004b).  Based on free energy of adsorption (İnel et al., 2002): 
 
 
          (2.3) 
 
 
where c is the concentration of the adsorbate in the gas phase, q the amount of 
adsorbate adsorbed per unit area of adsorbent and K the surface partition coefficient 
between the adsorbed phase and the gaseous state.  For gas adsorption at isobar 
condition using volumetric method with elevated temperatures, the Equation 2.3 can 
be modified to Equation 2.4. 
 
 
          (2.4) 
 
 
One can calculate ΔH from the slope and ΔS from the intercept of the plot of In 
(RTns) versus 1/T, provided that the range of T is narrow enough for ΔH and ΔS 
regarded as temperature independent.  The first term is negligible and can be ignored.   
The Equation 2.4 is then simplified to Equation 2.5 and applied to obtain heat of gas 
adsorption. Meanwhile, the differential enthalpy of adsorption (ΔH) obtained is 
related to the isosteric enthalpy of adsorption (ΔHst) by the Equation 2.6.  
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The Equations 2.3 – 2.4 are mostly applied for inverse gas chromatograph method 
that assumes the negligible effect of gas adsorption capacity.  The Equation 2.4 that 
being modified for static volumetric method also ignored the flow rates effect on gas 
adsorption capacity.  Thereinafter, the appropriate isotherm model that selected and 
isosteric heat of adsorption derived from the data obtained are still in a great 
challenge today especially for supercritical gas adsorption conditions.   
 
 
 
 
2.2.4 Adsorption kinetics 
 
 
2.2.4.1 Initial gas uptake rate 
 
 
In engineering practice, adsorption equilibrium relationships are combined 
with mass transfer and diffusion coefficients to describe the thermodynamic and 
kinetic model of gas adsorption.  The kinetics of gas adsorption over various 
adsorbents has been studied extensively since the early 1950s as reviewed by 
Ruthven (2001).  Except for a few cases, most studies have been limited to low 
temperatures and low pressures of operation, and in which only unmodified zeolite, 
bulk metal oxide and ion-exchange modified zeolite are being discussed rather than 
metal oxide modified zeolite adsorbent which are of industrial importance (Triebe 
and Tezel, 1995; Roque-Melherbe, 2000; Ruthven, 2001; Kärger, 2003; Ponce et al., 
2004; Rutherford and Coons, 2005).   
 
 
In adsorption system when the equilibrium isotherm is linear, the diffusivity 
is generally constant.  This is true for both micropore and macropore diffusion 
control.  However, when the isotherm is non-linear the diffusivity is generally 
concentration dependent (Ruthven, 2004).  The behavior of such systems has been 
studied to some extent and general features are well understood but many important 
details remain unresolved.   
 45 
Generally, there are four basic mechanisms that described mass transport in 
porous materials (Mugge et al., 2001), namely molecular diffusion, Knudsen 
diffusion, surface diffusion and viscous flow.  Normally, it is assumed that one or 
two of these four mechanisms influence the rate of gas uptake in the adsorption 
phenomenon.  Hernández-Huesca et al. (1999) has carried out the investigation of 
gas CO2, CH4 and N2 adsorption equilibria and kinetic study in natural zeolites.  In 
the experimental works, adsorbate uptake rates of all gases were measured until 
equilibrium was reached.  During the initial period of adsorption in a constant 
volume, the fractional uptake can be found from the following equation. 
 
 
         (2.7) 
 
 
where R is the fractional uptake, at, a0 and a∞ are the amount of gas adsorbed at time 
t, t = 0 and t = ∞ (equilibrium), respectively.  The kinetic transport behaviors greatly 
influence the initial uptake rate of gas into the adsorbent.  Basically, there are two 
types of adsorbate molecules kinetics transport in the adsorption process, micropore 
diffusion and transport through pore mouth barrier.  The micropore diffusion obeyed 
the Fick’s law.  Meanwhile, when the gas uptake is restricted by the pore mouth 
barrier, the non-Fickian uptake is described by a Linear Driving Force model (LDF) 
(Ding and Alpay, 2000).  The fractional uptake, F is expressed as: 
 
 
          (2.8) 
 
 
A plot of In (1-F) versus time will yield a linear line with intercept and a slope of – k 
(rate constant) for both types of diffusion kinetics. A zero intercept of the asymptote 
indicates the LDF kinetics and an intercept of -0.5 indicates Fickian micropore 
diffusion (Carta and Cincotti, 1998; Rutherford and Coons, 2005).  However, LDF 
model fails for the adsorption at short uptakes times and for non-linear isotherms.  
Pore diffusion was said to be more realistic model to apply for short uptake time 
adsorption (Mugge et al., 2001).   
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2.2.4.2 Diffusion rate constant 
 
 
It has long been established that diffusion in commercial zeolite is strongly 
depends on the physicochemical properties such as pore size and chemical 
composition.  Under severe modifications, the partial collapse of the zeolite structure 
or addition of guest materials at the surface may lead to a surface barrier, which 
increases the overall mass transfer resistance.  It has reported that, two lumped 
kinetic models – Pseudo first order and Pseudo second order models are widely used 
to describe the diffusion of gas or liquid in an adsorption process (Chang and Juang, 
2005; Liang et al., 2005; Tongpool and Yoriya, 2005).  However, these models 
cannot identify the gas adsorption mechanisms accordingly.   
 
 
The intraparticle diffusion model and the Elovich equation, hence have been 
attracted much attentions and be discussed in adsorption process (Hernández-Huesca 
et al., 1999; Chang et al., 2004; Tongpool and Yoriya, 2005).  Elovich equation is 
one of the most useful models for describing the activated adsorption which 
involving reaction of chemisorption of gases on a solid surface without desorption 
(Zhou and Gould, 1998; Liu and Ren, 2005).  The transport of gas species into 
symmetrical and uniform structure of zeolite micropore are generally obeys a Fickian 
diffusion process (Marecka and Mianowski, 1998; Webb and Pruess, 2003; 
Rutherford and Coons, 2005).  The intraparticle diffusion model is originates from 
the Fick’s second law and therefore it is usually apply for describing gas diffusion 
characteristics into microporous materials.  According to Barrer (1978) and Ruthven 
(2001), the plot uptake proportional to square root time in the initial region of an 
adsorption process is called as diffusion model, while the initial uptake directly 
proportional to time is so called as surface resistance model.  When comprises short 
time region, the equation of Fick’s second law is simplified as: 
 
 
     (2.9) 
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where the F is the adsorbate fractional uptake, D is the Fickian diffusivity (cm2s-1), R 
is the adsorbent particle radius (cm), and t is the time of adsorption.  Gas initial gas 
uptake rate is linearly related to the diffusion rate constant (Hernández-Huesca et al., 
1999).  The higher the initial gas uptake rate means larger diffusion coefficient of 
adsorbate to diffuse into the adsorbent.  Equation 2.8 can therefore be described as:   
 
 
          (2.10) 
 
 
where K = [(a0)g – (a∞ - a0)]/a∞ is the ratio of the adsorbate in the gas phase to that in 
the adsorbed phase at equilibrium; Sext and V are the specific external surface area of 
the particles (cm2/g) and the volume (cm3/g) of the zeolite; (a0)g is the amount of gas 
initially available for adsorption and D is the diffusion coefficient (cm2/s).  The 
values of the diffusion coefficients at difference temperatures obtained (D0 = initial 
diffusion coefficient) can then be represented as Equation 2.11 to interpret the energy 
of gas adsorption (kJ/mol). 
 
 
          (2.11) 
 
 
A very small change in the molecule to pore sizes relationships would include 
very large changes in the diffusion coefficient.  This is one of the fundamental effects 
that give rise to shape selectivity (Ribeiro et al., 1995).  The measurement of 
diffusion in zeolite has become a never-ending challenge to the research 
development (Kärger, 2003).  The diffusion coefficient of zeolites depends on the 
specific adsorbate and zeolite system, the shape and size of adsorbate, the polarity of 
adsorbate, the concentration of adsorbate and the structural properties zeolite 
framework (Ruthven, 2001).   
 
 
 
2
1
0
0
12
!
"
#
$
%
&
!
"
#
$
%
& +
=
'
'
=
( )
Dt
K
K
V
S
aa
aa
R
extt
!"
#
$%
&
'=
RT
E
DD
aexp0
 48 
2.2.5 Gas adsorption mechanisms 
 
 
2.2.5.1 Diffusion effects 
 
 
In general, adsorption in zeolites occurs as micropore filling process, later at 
high pressures, surface coverage, consisting of monolayer and multilayer adsorption 
(Roque-Malherbe, 2000).  Diffusion effect of adsorbate into the micropore of zeolite, 
surface interaction between the adsorbate and adsorbent, and adsorption at 
supercritical conditions (high pressure and high temperature) are important 
phenomena to understand the mechanisms of gas-zeolite adsorption.   
 
 
Most of the adsorbents commercially used are porous particles.  Diffusion 
effects control the mass transport of adsorbate into the adsorbent.  Adsorbate 
molecules come from outside adsorbent particles and diffuse into the particle to fully 
utilize the adsorption sites.  Depending on the structure of the adsorbent, several 
different types of diffusion mechanisms become dominant and sometimes two to 
three of them compete or cooperate.  The dominant mechanism also depends on a 
combination of adsorbate and adsorbent and adsorption conditions such as 
temperature and concentration range.  . 
 
 
When bulk adsorbed molecules are mobile on the surface of the adsorbent, 
surface diffusion due to migration of the adsorbed molecules may contribute more 
than pore diffusion.  However, when the size of an adsorbate molecule is close or 
smaller to the size of the micropore, diffusion of the molecule becomes restricted and 
the rate of transport in the micropore resulted a significant effect in the overall 
adsorption rate.  This phenomenon is called micropore diffusion, which depends 
heavily on adsorbate properties (Suzuki, 1990).  Micropore diffusion is very 
restricted because of the effect of potential field of the wall atoms.  This case is 
accompanied by relatively large activation energy.  Ordinary, diffusion coefficient is 
defined in terms of amount of gas adsorbed. 
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2.2.5.2 Surface interaction 
 
 
Interactions between the adsorbed molecules on a metal oxide modified 
zeolite surface are of important phenomenon.  Adsorbate-adsorbate interactions on 
the adsorbent surface are often important for the adsorption at high coverage 
(Mortensen et al., 1998).  According to Llewellyn and Maurin (2005), an increase 
amount of gas adsorbed on an adsorbent leads to an increase of the interactions 
between the adsorbate molecules.  The interaction of an adsorbate molecule will give 
a constant signal with an energetically homogenous surface.  Meanwhile, for 
energetically heterogeneous adsorbent, relatively strong interactions between the 
adsorbing molecules and the surface happen initially.  The strength of these 
interactions will then decreases as these specific sites are occupied as shown in 
Figure 2.5.   
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: Interaction of energy of simple gases adsorption at low temperature 
(Llewellyn and Maurin, 2005). 
 
 
Nevertheless, this interaction of energy described the gas adsorption at low 
temperature condition.  The study that involved supercritical adsorption with 
temperature near or above the critical point is not yet clearly identified.  The 
interaction energy of adsorbate on adsorbent surface is important to investigate for 
evaluating the gas adsorption characteristics of metal oxide modified zeolite.   
Interaction Energy 
Coverage 
Adsorbate-Adsorbate 
Adsorbate- 
Homogeneous Adsorbent 
Adsorbate- 
Heterogeneous Adsorbent 
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Gas-zeolite surface interactions have been widely studied by means of 
transmission FTIR spectroscopy recently.  It is an effective method to study adsorbed 
species interaction with zeolite directly.  Small and non-polar gases such as O2, N2 
and rare gases present very weak bases properties that they would interact with 
strong acid sites in zeolite (Ferwerda and Van der Maas, 1995; Sousa-Aguiar et al., 
1998).  Conversely, polar and acid gas as CO2 will interact strongly with basic active 
sites of zeolite surface.  These surface interaction mechanisms are responsible in the 
applications of zeolite as catalyst, adsorbent and nanoparticle technology materials.  
By examining the adsorption bands that attributed to particular gas molecules species 
and the band shifted energy that indicating the formation of bonding between the 
adsorbate and adsorbent, the behavior of each adsorbed species and their interaction 
with zeolite can be well characterized.   
 
 
From Yamazaki et al. (2000) review, it reported the adsorption behavior of 
CH4 and CO in the pores of Ω-zeolite at low pressure and low temperature 
conditions.  Using the wave number shift from the gaseous position, the strength of 
the electric field on the cation site of zeolite can be estimated.  The magnitude of the 
wavenumber shift is correlated with the strength of the electric field in the vicinity of 
the adsorption sites, E given by: 
 
 
Δ v (cm-1) = -6.14 × 10-19 E (Vm-1)2    (2.12) 
 
 
It is known that the band intensity is proportional to the amount of adsorption on the 
cation sites as well as the square of the strength of electric field on the sites as: 
 
 
          (2.13) 
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where NA, n1, c and (∂α/∂Q1) are Avogadro’s number, the amount of adsorption on 
the cation site, the velocity of light, and the first derivative of polarizability with the 
normal coordinate of vibration, respectively.  Therefore, the amount of adsorption on 
the cationic site can be estimated from the strength of the electric field mentioned 
above and the integrated peak intensity (Yamazaki et al., 2000).   
 
 
As we realized, many studies normally conducted the experimental works at 
very low temperatures and low pressure conditions (Ferwerda and Van der Maas, 
1995; Wakabayashi et al., 1997; Sousa-Aguiar et al., 1998; Hadjiivanov et al.  2003), 
which the results are hardly represent the adsorption behavior of industrial 
significance in PSA.  Thereinafter, Valyon et al. (2003) carried out the investigation 
on high-pressure gas adsorption at ambient temperatures to understand the zeolite 
structure and composition influence on the adsorption interaction of N2 and O2 with 
the adsorption sites of different types of zeolite.   
 
 
On the other hand, for adsorption on metal oxide supports, Šljivančanin and 
Pasquarello (2004) investigated the adsorption of gas nitrogen on the iron 
nanocluster supported on magnesium oxide.  Scarano et al. (2001) studied the 
adsorption of H2, CO and gas CH4 on zinc oxide.  From the results obtained, MgO 
and ZnO support plays an important role in increasing the binding energy of the 
adsorbed species.  The potential energy of adsorbed atoms is stabilized and enhanced 
by the interactions of adsorbates and between the adsorbates and the metal oxides 
support.  Therefore, all these previous works reviewed that related on gas-zeolite 
surface interaction through FTIR measurement indicated a great potential to 
developed a novel good adsorbent by modifying zeolite with metal oxide that have 
not being investigated so far in detail.   
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2.2.5.3 Adsorption at supercritical conditions 
 
 
High-pressure adsorption under equilibrium conditions when both pressure 
and temperature are higher than the critical is sometimes referred as supercritical 
condition (Zhou and Zhou, 1998; Fu and Zhu, 2003).  Determination of adsorption 
isotherms behavior over high temperature and high pressure will benefit the 
development of industrial application of gas adsorption in fuel storage or pressure 
swing adsorption separation and purification processes.  However, the physical 
picture for such supercritical adsorption mechanisms has not been clearly depicted 
and, hence, certain theoretical difficulties have not been overcome in modeling the 
isotherms.   
 
 
At high pressure, the total amount of gas contained in the micropore tends 
toward a limit called the saturation capacity, while the density in the gas phase 
increases without limit.  Eventually, when the density in the gas phase increases with 
pressure at the same rate as the absolute density in the pores, the excess adsorption 
passes through a maximum and then begins to decline with pressure (Myers, 2002).  
This unusual behavior can be explained by Ono-Kondo equation.  There will be no 
condensation occurred for any pressure, for example, gas methane adsorption at 293 
K on activated carbon since the critical temperature of methane is at 190.6 K.  The 
amount of gas adsorption will decrease after the maximum adsorption is achieved by 
further pressure increment (Aranovich and Donohue, 1995).   
 
 
Monolayer adsorption mechanism was assumed for the components at above-
critical temperatures, and multilayer adsorption mechanism was assumed for the 
components at sub-critical temperatures.  This assumption was obeyed to a classical 
law of physics that gas cannot be liquefied at above-critical temperatures no matter 
how high-pressure applied; the subsequent layers obviously cannot exist at 
supercritical gas adsorption.  Furthermore, the heat of adsorption will drop to the 
latent heat of condensation in the subsequent layers.   
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The physical state of the adsorbed phase that showed in Figure 2.6 is based 
on a simple rule: vapor is adhesive, but supercritical gases are not.  Generally, the 
adsorption mechanisms must experience a transition from multilayer coverage or 
volume filling at subcritical temperatures to monolayer coverage at above critical 
temperatures (Zhou et al., 2002; Zhou et al., 2005).  On the other part, the effect of 
the surface area of adsorbents on adsorption capacity of CO2 becomes less important 
when increasing the adsorption temperature.  This indicates that adsorption 
mechanism of CO2 at high temperature is not completely physical adsorption (Yong 
et al., 2002).  Several peaks corresponding to the carbonate species appear in the 
region of 1200 – 1700 cm-1 from FTIR spectra of pure CO2 adsorption at 295 K as 
investigated by Rege and Yang (2001). 
 
 
 
 
 
 
 
 
 
Figure 2.6: The adsorbed state of pure CH4 and CO2 in micropores at 298 K  
(Zhou et al., 2005). 
 
 
Several studies related to supercritical adsorption have been carried out.  
Ustinov et al. (2002) had suggested a new approach for analyzing adsorption of 
supercritical gases (Ar, N2, CH4, C2H4, CO2 and He) at high-pressure range from 0 to 
50 MPa on activated carbon at 25 – 70 0C by gravimetric measurements method.  Li 
et al. (2003) proposed an optimization procedure to evaluate the adsorbate density 
directly from supercritical adsorption isotherms of methane on activated carbon (283 
– 323 K) from 0 to 14 MPa.  Meanwhile, Li and Gu (2004) applied the adsorption 
potential theory to predict the adsorption equilibria of supercritical N2 and CH4 on 
activated carbon.  High-pressure data on CH4, N2, Ar and CO2 on activated carbon 
also being investigated by Dreisbach et al. (1999) and Herbst and Harting (2002).   
 54 
Generally, most of the supercritical gas adsorption studies reported so far 
were conducted on activated carbon.  There is not yet any unambiguous way 
showing the isotherm and supercritical adsorption characteristics of zeolite and metal 
oxide modified zeolite adsorbent so far.  Since we do not know the adsorption 
behavior of a particular adsorbate on metal oxide modified zeolite under high 
pressures, neither do we can have any sophisticated theory for their application in 
high-pressure adsorption conditions.   
 
 
Thereinafter, by investigating single component gas adsorption on zeolite as 
well as metal oxide modified zeolite, the fundamental basis and the parameters 
evaluated from the single component adsorption data were then crucial to use for 
modeling the new isotherms of single component and multicomponent adsorption 
model in the gas mixtures separation and purification applications.   
 
 
 
2.2.6 High pressure adsorption 
 
 
High pressure adsorption plays an important role in the industries, application 
that involve high pressure adsorption are hydrogen storage, separation process, and 
adsorbed natural gas.  Hydrogen storage is a technology for the advancement of fuel 
cell power systems in transportation, stationary, and portable applications.  In 
absorptive hydrogen storage, hydrogen is absorbed directly into the bulk of the 
material, these material are adsorbent such as activated carbon and zeolilte.  Another 
technology that has connection with hydrogen storage and high pressure adsorption 
is adsorbed natural gas.  Adsorbed natural gas where methane gas is stored in 
microporous adsorbent such as activated carbon to pressure 500 psi and discharge 
when needed to atmospheric pressure is an alternative to compressed natural gas 
(CNG).  This technology that applies high pressure adsorption is much safer and 
economical compare to CNG. 
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Other than that, high pressure adsorption also plays a vital role in gas 
separation processes.  Different gases have different molecular weight, and according 
to Burchell and Rogers (2000), adsorbent prefer to adsorb heavier hydrocarbon. 
However, according to research done by Busch et al (2003), they found that different 
gases will adsorb more at certain pressure.  Pressure swing adsorption (PSA) is a 
technology that is used to separate some species from a gas, preferentially adsorbing 
the undesired gases at high pressure. The process then swings to low pressure to 
desorb the adsorbent material.  PSA is used for separation of carbon dioxide from 
methane, purification of oxygen or nitrogen from air etc. 
 
 
Gas storage by adsorption is to use the micropores in the adsorbent material 
to enhance the density of the stored gas.  The amount adsorbed increases with 
increasing storage pressure.  If the storage pressure is higher than Pc, then 
compression is better than adsorption.  However, at lower pressures, adsorption is 
better than compression and the introduction of adsorbent can markedly improve the 
capacity.  The total gas maintained in the container can be classified into free gas and 
fixed gas.  Assume Vt is the total volume of the container, it must be the sum of 
(Zhou et al., 2005): 
 
Vt = Vc + Vv       (2.14) 
  
where Vc is the volume occupied by the skeleton carbon and Vv is the volume 
of void space.  The stored gas in the void space is called free gas and the quantity of 
free gas per unit mass of adsorbent, nf can be calculated using the equation 2.3. 
nf = PVv / zRT      (2.15) 
 
Where z is the compressibility factor and can be determined uses various 
equations of state such as virial, Redlich-Kwong and Peng-Robinson equation.  The 
void volume, Vv can be known by using helium expansion method (Keller et al., 
1998).  
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Other equation that also represent the total volume Vt  associated with 
adsorbent and container is from Vasilliev and co-workers.  According to them, the 
total volume can be split up into its components: 
 
Vt = Vc + Vµ + Vv + Vvoid     (2.16) 
 
Vc is the volume of atoms which the adsorbent composed; Vµ micropore 
volume; Vv meso- and macropore volume; Vvoid the space inside the vessel free from 
adsorbent bed. Vvoid can be eliminated by making the solid block of adsorbent 
(compressed with binder) (Vasilliev et al., 2000).  Figure 2.7 shows the adsorption 
vessel of volume V* = Vt.  
 
 
Figure 2.7: Adsorption vessel of volume V* including porous sorbent mass ms 
(Keller et al., 1998) 
 
 
Volumetric and gravimetric capacities are two capacities that are commonly 
used.  Volumetric capacity is defined as the amount of gas adsorbed either in mass or 
in volume divided by the total volume occupied by the adsorbent and the adsorbed 
gas, in this case the volume of the container.  Because the gas is adsorbed in the 
solid, the volume of the adsorbent can be regarded as the total volume provide it fill 
up the entire container.  For the ease of comparison, the volume of the adsorbed gas 
is commonly converted to the volume at a reference point.  The standard temperature 
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and pressure (STP, 1 bar and 15° C) is taken as the reference point.  So the 
volumetric storage capacity is defined as: 
 
V = (volume of adsorbed gas converted to STP) / (volume of solid adsorbent) 
 
A study done by Zhang et al. (2004) to determine the uptake of hydrogen in 
carbonaceous materials using volumetric method had been performed in 2004.  The 
schematic diagram of the volumetric apparatus is shown in Figure 2.8.  The principle 
of the volumetric measurement method could be concisely described as: 
 
n(P, T) = n(P0, T) + n(P1, T, Vrc) + n(P2, T, Vsc) 
 – n(P, T, Vrc) – n(P, T, Vsc)    (2.17) 
 
where P is the pressure when adsorption reaches equilibrium after the valve 
bv6 is opened. P1 and P2 are respectively the initial pressures in the reference cell and 
the sample cell when valve bv6 is closed.  Vre and Vse are respectively the volume of 
the reference cell and the residual volume of the reference cell. 
 
 
Zhang and co-workers (2004) applied the step-by-step method to measure 
adsorption isotherm. The pressure was changed step-by-step and the amount of 
adsorption was summed up at each step. P0 is the pressure corresponding to the last 
adsorption equilibrium and T is the temperature of adsorption.  While n (P; T) is the 
cumulative adsorption amount at pressure P and n(P0; T) is the cumulative adsorption 
amount at last equilibration pressure P0. n(P1; T; Vrc) and n(P2; T; Vsc) are, the initial 
bulk gas amount in the referenced cell at pressure P1 and in the sample cell at 
pressure P2 respectively. n(P; T; Vrc) and n(P; T; Vsc) are the bulk gas amount in the 
referenced cell and in the sample cell at the equilibration pressure P, respectively.  
By using helium, the remaining volume of the sample cell is determined but with one 
assumption, helium adsorption amount at room temperature is zero (Zhang et al., 
2004). 
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Figure 2.8: Schematic diagrams of the volumetric apparatus (Zhang et al., 2004) 
 
 
Besides Zhang and co-workers (2004), Belmabkhout et al. (2003) also 
performed volumetric experiment to measure high pressure adsorption.  Volumetric 
method consists of expanding a gas from a pressure cell into an evacuated adsorption 
cell containing a clean adsorbent during an isothermal process (Belmabkhout et al., 
2003).  The volumes of both cells are known (Vprc and Vads).  Each measurement of 
the total quantity of gas admitted into the system Vprc(n1) and the amount of gas 
remaining in the gas phase (Vprc + Vads) at the adsorption equilibrium (n2) was 
determined by P-V-T measurements before and after adsorption (P1, P2, T1 = T2) 
using a real gas equation of state.  The amount adsorbed is calculated based on mass 
balance. Equations involve are: 
 
n1 = 
),( 11 PTv
V
a
prc          (2.18) 
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n2 = 
),( 22 PTv
VV
a
adsprc +         (2.19) 
 
nads = 
samplem
nn 21!         (2.20) 
 
where, 
 n1 = adsorbate mole number in the pressure cell before adsorption 
 n2 = adsorbate mole number remaining in the gas phase after adsorption 
 T1 = T2, experimental temperature 
 P1 = pressure in the pressure cell before adsorption 
 P2 = equilibrium pressure in both pressure cell and adsorption cell 
 Vprc = volume of the pressure cell 
 Vads = volume of the adsorption cell (volume of adsorbent is not included) 
 va = molar volume of the adsorbate in gas phase at T and P 
 nads = adsorbed mole number per unit of mass of the adsorbent 
 msample = mass of the outgassed adsorbent 
 
 
The significant disadvantage of the volumetric method is the gas tightness 
and the inherent errors due to the indirect determination of the adsorbed quantities, 
which may considerably influence the accuracy of the measurements (Belmabkhout 
et al., 2003).  Figure 2.9 shows the general principle of the volumetric apparatus. 
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Figure 2.9: General principle of the volumetric apparatus (Belmabkhout et al., 
2003) 
 
 
Alternatively to the volumetric method is the gravimetric method.  It mainly 
consists of a microbalance to see the changes of the mass of the adsorption container.  
The main advantage of the gravimetric method compared to volumetric method is 
that it only needs a small amount of sorbent material; a high sensitive microbalance 
is required (Keller et al., 1999).  The gravimetric capacities are often defined as the 
weight percentage of the adsorbed gas to the total weight of the system, including the 
weight of the gas: 
 
V = (weight of adsorbed gas) / (weight of solid adsorbent + adsorbed gas) (2.21) 
 
 
For methane, a variety of equations of state are available describing the 
volumetric behaviour of this gas with good precision. The most commonly applied 
EOS are Peng-Robinson and Redlich-Kwong (Krooss et al., 2002).  Zhou and Zhou 
(2001) had selected two equations of state, Soave-Redlich Kwong (SRK) and 
Benenedict-Webb-Rubin (BWR) in the adsorption storage study.  SRK is a good 
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trade-off between precision and tediousness of calculation and is widely applied in 
petrochemical processing computations.  BWR contain eight parameters and is 
recommended especially for hydrogen (Zhou and Zhou, 2001).  
 
 
The SRK equation relates the compressibility factor and the fugacity 
coefficient as follows: 
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where, 
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 m = 0.480 + 1.574w – 0.176w2 
 
 
The BWR equation contain eight parameters, it is suitable to use at above 
critical temperatures and not very high pressures.  
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ρ is the density of gas, which relates to the compressibility factor by 
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BWR is a dimensional equation where P is in atm, T in K, ρ in mol/l or 
kmol/m3, R = 0.08205 atm l/ mol K.  The eight parameters are not the same for all 
type of gases.  Comparison between SRK and BWR for the z values calculated with 
equation of state with those evaluated from the experiment P-V-T data for hydrogen 
was done. The root mean square of the deviations between the two kinds of z is 
shown in Figure 2.10.  Result shows that BWR seems to be more precise than SRK.  
However, the BWR are limited to 273K and higher.  That is why, value for z at 253K 
and below is not calculated.  The SRK equation only gives a 1% deviation at 
temperature as low as 113K.  This shows that SRK equation can be used in a wider 
range of temperature. 
 
 
 
Figure 2.10: The square root mean deviations of z-values from the equations of state 
to that from the experimental data (Zhou and Zhou, 2001) 
 
 
Another study to determine which equation of state is better was also 
performed by Zhang and co-workers (2004).  They used three different equations 
which are SRK, ideal gas equation and Modified-Benedict-Webb-Rubin (MBWR) 
equation to calculate the volume of a cell (Figure 2.11).  This empty cell volume is 
known which is 25 ml, so the volume of the empty sample cell should be 
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independent of the pressure and keep unchanged.  However, after experiment had 
been done using helium, result shows that ideal gas equation and SRK equation are 
dependent on pressure.  Only the MBWR equation is independent of the pressure and 
closes to the real value of the empty sample cell.  
 
 
 
Figure 2.11: The calculated empty cell volume (Zhang et al., 2004) 
 
 
In general, porous adsorbents have different structures and sizes that perform 
differently to different type of gas.  Factors like micropore volume, size distribution, 
packing density and properties of adsorbent and adsorbate have to be taken into 
account when selecting adsorbent for adsorption application.  Volumetric and 
gravimetric capacities are two capacities that are commonly used in discussion of 
adsorption capacity while Benedict-Webb-Rubin and Soave Redlich-Kwong 
equations of state are commonly used to describe the volumetric behaviors of gas 
stored. 
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2.3 Potential Applications of Silica Based Adsorbents 
 
 
Zeolite microporous adsorbent industry is a mature industry with a wide 
variety of products satisfying the requirements of well-established applications.  The 
expanded applicability of environmental regulations, along with improving living 
standards around the world, are stimulating significant increases in demand for these 
products.  The modification of metal oxide-zeolite opens a new route and widens 
their applications range from high-end catalyst in chemical and petroleum industry, 
adsorbents to sensor and semiconductor support in nanoparticle technology.   
 
 
The most important application of zeolite is as catalysts (Kanazirev and Price, 
1994; Neyestanaki et al., 1995; Alkhawaldeh et al., 2003; Gheno et al., 2003).  Metal 
oxide modified zeolite will tailor the pore sizes and increase the shape selectivity 
results from the limited diffusivity of some of the reactants, which cannot effectively 
diffuse inside the channel system.  For those slowly diffusing molecules in the 
channel cannot rapidly escape from crystal will undergo secondary reactions.  Metal 
oxide modified zeolites were also being applied as inorganic catalysts in the 
oxidation, reformation, photochemical reaction, reduction and combustion processes 
(Yoshida et al., 2000; Bi and Lu, 2003; Dutta and Vaidyalingam, 2003; Masteri-
Farahani et al., 2003; Watanabe et al., 2003; Liu et al., 2004) as well as functioning 
as biocatalyst for enzymes immobilization reaction (Zhao, 1998; Zhao et al., 2003).  
These modified catalysts improve yield, cost-efficiency and environmental control. 
 
 
In addition, zeolites are selective, high capacity adsorbents because of their 
high intracrystalline surface area and strong interactions with adsorbates.  Molecules 
are separated base on the size, diffusivity and structure relative to the size and 
geometry of the apertures of the sieve.  Zeolite mostly adsorbs molecules with a 
permanent dipole moment.  Different polar molecules have a different interaction 
with the zeolite framework (Ćurković et al., 1997).  Through metal oxide 
modification, the hydrophobicity and acidity properties of zeolite framework would 
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be regulated to suit for a particular adsorbate.  Metal oxide modified zeolites also can 
be used as adsorbents and ion exchangers for environmental demands (Hernández-
Huesca et al., 1999; Li et al., 2000).  
 
 
Meanwhile, in the gas separation and purification processes, the modified 
zeolite adsorbents can play a very important role in petroleum refining processes, 
natural gas treating, industrial gas production and purification through pressure 
swing adsorption process (Sherman, 1999; Jiang et al., 2002).  Recently, 
Polychronopoulos et al. (2005) reported the novel ZnO and TiO based mixed metal 
oxide sample for low temperature adsorption of H2S from industrial gas streams.  
Cerium modified ZSM-5 zeolite reported having the good ability as NO gas 
adsorbent (Salama et al., 2005).   
 
 
Moreover, the high heat of zeolite adsorption and ability to hydrate and 
dehydrate while maintaining structural stability has been found to be useful in 
various heat storage and solar refrigeration systems (Frost and Sullivan, 2001).  Gas 
on solid adsorption is an inherently safe and potential high energy density gas storage 
method that could be more energy efficient than chemical or compressed gas storage.  
Consequently, as an alternative, encapsulation of gas in microporous media could be 
envisaged (Nishimiya et al., 2001).  Reversible occlusion of gases in zeolites is a 
well-known phenomenon.  The working principle is that the guest molecules are 
forced, under elevated temperatures and pressures, into the cavities of the zeolite 
host.  Upon cooling to room temperature or below, gas is trapped inside the cavities.  
It can be released again by raising the temperature.  Thereinafter, with the increase of 
zeolite stability by metal oxide dispersion, gas storage capacity or amount of 
encapsulated gas is further optimized (Weikamp, 1996; Nishimiya et al., 2001; 
Njikamp et al., 2001). 
 
 
In nanoparticle technology, transition metal oxides are well-known base 
materials that most widely used for nanoparticles sensors due to their electrical 
conductivity properties (Pohle et al., 2001; Ponce et al., 2004).  They have been 
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adopted as model systems for fundamental studies and as parent materials for the 
development of various sensors for the detection of gases such as H2, CO, NOx, CO2, 
CH4 and other hydrocarbons (Akbar and Dutta, 1999; Remillard, 1999; Hotovy et al., 
2002; Wöllenstein et al., 2003; Korotcenkov et al., 2004).  Moreover, some solid 
oxides were used in the application as material for fuel cells as well (Özkan and 
Özçelik, 2005). Therefore, the dispersion of these metal oxides onto zeolite system 
with high gas adsorption capability would enhance both their applications as gas 
sensor materials (Szabo, 2003).  Furthermore, CeO2 and NiO also were reported as 
good conductors when coated on the YBCO surface (Kim et al., 2003).   
 
 
In addition, the discovery of the first ordered (where the pores are ordered 
periodically), mesoporous molecular sieves also have sparked interest throughout the 
scientific community. These materials have attracted the attention of chemists and 
materials scientists due to commercial interest in their application in chemical 
separations and heterogeneous catalysis as well as scientific interest in the challenges 
posed by their synthesis, processing, and characterization. Application of basic 
scientific principles to the key technological issues involved has been difficult, 
however, and much more progress has been achieved in tailoring porous materials 
through manipulation of processing parameters than through understanding of the 
chemical and physical mechanisms that influence porosity. As a result, the tailoring 
of porous materials has proceeded largely in an empirical fashion rather than by 
design (Barton et al., 1999). 
 
 
As summary, zeolites and other porous materials have a direct impact in 
many aspects of people’s live.  The many benefits achieved from the applications of 
zeolites and other molecular sieves are the fruits of the basic investments made 
decade ago, and into the present, in many research areas on their structure and 
property modification, keep on improving zeolite adsorptive characteristics, 
functionalities and their applications.  The basic concepts and understanding from 
these efforts, coupled with creative considerations of how the properties and 
functionalities so discovered might be of service to solve the needs of mankind, 
continue to create new benefits.   
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2.4 Summary 
 
 
Zeolite microporous materials are involved in a large domain of chemical 
science and technology including catalytic and adsorption processes, gas storage, ion 
exchange and nanoparticles technology.  The combination of many properties among 
different types of zeolite such as microporous molecular dimension and uniform pore 
system, high internal surface area, the ion exchange properties, high thermal stability 
and ability to tailor the framework and acidity properties make zeolites special and 
unique among inorganic oxide materials.  Much research efforts performed both 
experimentally and theoretically have been thus focused on this class of materials.  
The review has outlined the great possibilities and importance of metal oxide 
modified zeolite as gas adsorbent in a number of applications.  Indeed, the modified 
zeolite offer great possibilities for investigating their adsorption properties as a 
function of many parameters such as size and shape of pores, chemical composition 
of framework, polarity as well as hydrophobicity properties after the modification.  
Apart from that, the fundamental studies of gas adsorption characteristics on zeolite-
based adsorbents also enable researchers to gain a greater understanding of the 
equilibrium, kinetic transport and mechanisms in play during gas adsorption 
phenomena at subcritical and supercritical conditions.   
  
 
 
CHAPTER 3 
 
 
 
 
MATERIALS AND METHODS 
 
 
 
 
3.1 Introduction 
 
 
In order to achieve the underlined objectives and scopes of study as presented 
in Chapter I, the materials used, experimental and analytical procedures for this 
research are discussed in this Chapter.  The materials used including general 
chemicals; zeolite Na-Y, metal oxides, metal nitrates and gases were presented.  The 
experimental procedures for samples preparation via cation exchange method, 
thermal dispersion and incipient wetness impregnation method were discussed in 
detail.  Meanwhile, the gases (N2, CO2, and CH4) adsorption characteristics and gas-
solid interaction on pure and modified zeolites adsorbents were measured using 
Thermogravimetric Analyzer (TGA) and Fourier Transform Infrared (FTIR) 
spectroscopy, respectively.  Furthermore, analytical procedures for samples structural 
characterization were measured using X-Ray Diffractometer (XRD) and Fourier 
Transform Infrared (FTIR) spectroscopy; physical properties characterization using 
Micromeritics ASAP 2000 as well as morphological characterization using Scanning 
Electron Microscope (SEM) were also discussed extensively. The flow of research 
methodology is summarized in the flowchart as shown in Figure 3.1.   
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Figure 3.1: A flow diagram of experimental procedures used in the study. 
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3.2 Materials 
 
 
3.2.1 General chemicals 
 
 
Aqueous solution of metal nitrates were prepared using freshly deionised 
water from Purite Select AN HP40 (Purite Ltd, England) with resistivity ~15 – 16 
MΩ cm.  All the glassware, mortar and evaporating disks used was thoroughly 
washed and rinsed with deionised water as well before drying in oven.  Meanwhile, 
the potassium bromide (KBr) used for Fourier Transform Infrared (FTIR) 
spectroscopy characterization was purchased from Buck Scientific (P/N 5231, CT 
06855). Chemicals used for synthesizing and modifying zeolite are NaOH, calcium 
nitrate tetrahydrate, magnesium nitrate hexahydrate, and zink nitrate tetrahydrate 
(MERCK), sodium aluminate anhydrous (Riedel-de Haën), colloidal silica-(Aldrich 
Chemical), and lithium nitrate, rubidium nitrate, barium nitrate and, nickel (II) nitrate 
hexahydrate (Fluka Chemika) and were used as received. 
 
 
Other chemicals includes V2O5 (99.6+%, Fisher Chemicals), MoO3 (99.5%, 
Merck), Co3O4 (72.5% Cobalt, Aldrich), WO3 (99.995%, Acros Organics), PdO 
(86.8-87.1% Pd, Acros Organics), CuO (99.999%, Acros Organics), Cu2O (97%, 
Acros Organics), Ag2O (99%, Acros Organics), HgO (99%, Acros Organics), GeO2 
(99.999%, Acros Organics), SnO (99%, Acros Organics), PbO (99%, Merck) MgO 
(99.99%, Acros Organics), CaO (96%, Acros Organics), Y2O3 (99.99%, Acros 
Organics), Fe2O3 (99.999%, Acros Organics), NiO (97%, Acros Organics), ZnO 
(>99.5%, Fisher Chemicals), and Ga2O3 (99.99+%, Acros Organics) were tentatively 
selected as guest materials to modify zeolite NaY in sample preparation via thermal 
monolayer dispersion method.  
 
 
For the synthesis of MCM-41 and SBA-15, chemicals used include 
Cetyltrimethylammonium Bromide (CTAB) and Pluronic P123 (PEO20PPO70PEO20) 
 71 
as surfactants, Tetraethyl Orthosilicate (TEOS) as silica precursor, and NH4OH and 
HCl as mineralizing agents.  The modifications involves several types of amine; 
polyethylimine (PEI), methyl diethanolamine (MDEA), triethanolamine (TEA), 
diethanolamine (DEA), and monoethanolamine (MEA).  
 
 
 
 
3.2.2 Zeolites 
 
 
In order to examine the potential use of zeolite as gas adsorbent, 
commercially available synthetic zeolites were purchased from Aldrich Chemical 
(NaX) and Zeolyst International (NaY, ZSM-5, mordenite, ferrierite, and zeolite 
beta).  In addition, synthetic zeolite belong to faujasite structural framework group 
was synthesized with different Si/Al ratio. Zeolite Y (Si/Al = 2.88) and zeolite X 
(Si/Al = 1.0) was selected and used as support or parent material in the modification 
procedures. These material were chosen by virtue of its importance as adsorbents in 
the adsorption processes (Huber and Knözinger, 1995; Kusakabe et al., 1998; 
Hasegawa et al., 2001; Mizukami et al., 2001; Hadjiivanov et al., 2002; Harlick and 
Tezel, 2004) and catalytic reaction (Dutta and Vaidyalingam, 2003; Gheno et al., 
2003; Masteri-Farahani, 2003; Liu et al., 2004).   
 
 
 
 
3.2.3 Gases 
 
 
Linde Gas Singapore PTE LTD supplied all gases used in this study.  The 
specifications on the gases were as follow: Carbon dioxide (high purity grade, 
99.995%), nitrogen (high purity grade, 99.995%) and methane (high purity grade, 
99.995%).   
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3.3 Synthesis and Modification Procedures  
 
 
3.3.1 Zeolite synthesis procedures 
 
 
Zeolites were synthesized from a wide range of batch composition and 
temperatures from a variety of alumina and silica sources. It involves a few 
elementary steps, which convert a mixture of Si and Al species, metal cations, and 
water via an alkaline supersaturated solution into a microporous crystalline 
aluminosilicate (Barrer, 1982). In this study, sodium form of zeolite (Na-SZ18) was 
synthesized using reactant mixture with molar composition of 6.4Na2O: 1Al2O3: 
8SiO2: 180H2O, at a crystallization temperature of 373 K and crystallization time of 
24 hours. In preparing gel composition, sodium aluminate anhydrous was added into 
sodium hydroxide solution and heated under rigorous stirring until dissolved. 
Colloidal silica was added into sodium hydroxide solution and heated under rigorous 
stirring until clear solution appeared. Both solutions were mixed and stirred for 2 
hours to obtain a homogeneous mixture. The mixture was then transferred into a 
polyethylene bottle and heated in an oven at 373K for 24 hours to allow 
crystallization to occur. The crystallized solids obtained were recovered by filtration, 
washed with distilled water until pH <10, followed by drying overnight in the oven at 
100oC. 
 
 
 
 
3.3.2 Mesoporous silica synthesis procedures 
 
 
Many preparation methods have been developed by researchers for the 
synthesis of mesoporous MCM-41 and SBA-15 (Beck and Vartuli, 1996; Weitkamp, 
2000; Bennadja et al., 2001; Fulvio et al., 2005; Katiyar et al., 2006). MCM-41 
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sample was synthesized by dissolving 2.4 g CTAB in 120 g deionised water and the 
solution was stirred to form homogeneous and clear solution. Then, 8ml ammonium 
hydroxide was added into the solution and stirred for 5 min after which 10ml of 
TEOS was added into the solution. The solution was stirred overnight. Then, the 
solution was transfer into a container and put in oven at 100ºC for 2 days. After that, 
pH control is done at 10.2 each day until stable (2-3 days). The final product was 
filtered and washed with deionised water. Then, the sample was spread onto a plate 
and dried in oven at 100ºC for 24 hours. Calcination is performed at 550 0C for 5 
hours (Kumar et al., 2001; Xu et al., 2003; Hadi Nur et al., 2004; Vartuli et al., 2001; 
Zhao et al., 1996).  
 
 
Meanwhile, SBA-15 was prepared using 4.0 g of Pluronic P123 dissolved in 
30 ml of deionised water. Then, 120ml of 2.0 M HCl was added into the solution and 
stir at room temperature for 2 hours. The resulting solution was then transfer into a 
container and stirred at 40ºC. After that, 8.5g of TEOS was added drop by drop into 
the solution while stirring for 30 minutes. Then, slow down the stirring rate to around 
120 rpm and stirred for another 20 hours at the same temperature. After that, ageing 
of the solution was done in an oven at 100ºC for 48 hours without stirring. The final 
product was filtered, washed with deionised water and dried for 24 hours at 80ºC. 
Finally, the calcination was carried at 550ºC for 5 hours under flowing air (Klimova 
et al., 2006; Fulvio et al., 2005; Mirji et al., 2006; Luan et al., 2005; Srivastava et al., 
2006; Andreza and Edesia, 2005).   
 
 
 
 
3.3.3 Zeolite modification procedures 
 
 
Modification means that a given material is manipulated by appropriate 
treatment in order to change its properties. In this study, cation exchange method, 
thermal dispersion technique, and incipient wetness inpregnation techniques were 
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performed in order to obtain various form of modified zeolites. According to Kurama 
et al. (2002) the fine tuning of zeolite properties can be achieved by variation of the 
cation type which is located at preferred sites within the framework of the zeolites. 
At the same time cation exchange may also produce some remarkable change in 
zeolite properties, such as thermal stability, pore size and catalytic activity (Li et al., 
2000). 
 
 
3.3.3.1 Cation Exchange technique 
 
 
Synthesized zeolite (Na-SZ18) is used as a based zeolite for modification of 
zeolite using cation exchanged method. The process is carried out using batch 
method. 5 g of finely ground zeolite is dispersed in 250 mL of 0.5 M LiNO3 solution. 
The suspension is stirred and heated at 80o C for 5 hours, and the exchanged zeolite 
is filtered, dried in the oven at 105o C for 12 hours, kept equilibrated under constant 
humidity in a desiccator filled with saturated ammonium nitrate. The same procedure 
is repeated with other cation listed in Table 3.1. Again, characterization is carried out 
to determine the changes in structural, physical and chemical properties of the 
exchanged zeolites. 
 
 
Table 3.1: The cations used and products obtained from metal cation exchange 
method. 
Types of cation Source of cation Sample code 
Li+ 
K+ 
Rb+ 
Mg2+ 
Ca2+ 
Ba2+ 
Mn2+ 
Ni2+ 
Zn2+ 
LiNO3 
KNO3 
RbNO3 
Mg(NO3)2.6H2O 
Ca(NO3)2.4H2O 
Ba(NO3)2 
Mn(NO3)2.4H2O 
Ni(NO3)2.6H2O 
Zn(NO3)2.4H2O 
LiNa-SZ18 
KNa-SZ18 
RbNa-SZ18 
MgNa-SZ18 
CaNa-SZ18 
BaNa-SZ18 
MnNa-SZ18 
NiNa-SZ18 
ZnNa-SZ18 
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3.3.3.2 Thermal dispersion technique 
 
 
Thermal dispersion involves heating the finely divided powders of metal 
oxide and zeolite Na-Y at a temperature between the Tammann temperature and 
melting point of the metal oxide.  Zeolite Na-Y (Si/Al = 2.88, surface area of 820 
m2/g) was calcined at 773.15 K for 3 hours before use.  Then, calcined zeolite Na-Y 
was extensively mixed in a mortar with powdered metal oxide for 20 minutes at a 
predetermined ratio corresponding to up to 5 metal oxides per unit cell zeolite Na-Y 
(290 µmol metal oxide/g adsorbent).  The amount of metal oxide and zeolite Na-Y 
used were weighed carefully using the Precisa 205 ASCS (Precisa Instruments AG, 
CH-Dietikon) balance with accuracy ± 0.0001 g.  The resulting mixture was sieved 
to particle sizes of 300 µm and consecutive calcined at elevated temperature with 
heating rates of 10 0C/min to the temperature between Tammann temperature and 
melting point temperature of the metal oxide at 873.15 K (V2O5, MoO3, WO3, 
Co3O4, PdO, CuO, Cu2O, GeO2, SnO and PbO) and 673.15 K (Ag2O and HgO) in a 
Carbolite Furnace CWF 1300 for 24 hours.   
 
 
To study the effects of parameters on the modified samples, the experimental 
procedures as discussed above were repeated by varying the parameters and 
experimental conditions using one of the selected sample, copper (II) oxide modified 
zeolite Na-Y to investigate the effect of calcination temperature (773, 873, 973 and 
1073 K), copper oxide loading concentration (2, 2.25, 5, 10 and 15wt.%) and 
duration of calcination (0, 6, 12, 24 and 48 hours) on the structural and gas methane 
adsorptive characteristics.  Copper (II) oxide modified zeolite Na-Y sample was 
selected for modification parameters variation due to its well-defined structure and 
promising physicochemical properties as gas adsorbents after the characterization. 
The initial adsorption characteristic results also showed that CuO modified Na-Y 
zeolite is presenting superior methane gas adsorption capacity following after the 
mercury (II) oxide modified sample as shown in Chapter IV.  However, from the 
economic, safety and environmental effects point of view, copper (II) oxide is 
preferable over mercury (II) oxide for some of the commercial applications.   
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3.3.3.3 Incipient wetness impregnation technique 
 
 
The dispersion of the high melting point metal oxides inside or outside the 
microporous channels of zeolite Na-Y by incipient wetness impregnation method 
was carried out at room temperature.  The samples were prepared by impregnating 
commercial zeolite Na-Y with equimolar amounts of metal oxides.  For this purpose, 
0.1 M aqueous solution of metal nitrates, Mg(NO3)2.6H2O, Ca(NO3)2.3H2O, 
Ba(NO3)2, Y(NO3)2.6H2O, Fe(NO3)3.9H2O, Co(NO3)2.6H2O, Ni(NO3)2.6H2O, 
Cu(NO3)2.3H2O, Zn(NO3)2.6H2O and Ga(NO3)3.XH2O (9 ml) was kept under mild 
stirring for 2 hours with 3 g of zeolite Na-Y.  Similarly, the amount of metal nitrate 
and zeolite Na-Y used were weighed carefully using the Precisa 205 ASCS (Precisa 
Instruments AG, CH-Dietikon) balance with accuracy ± 0.0001 g.   
 
 
The resulting mixtures were dryed at room temperature followed by 
overnight drying at 383.15 K in Memmert convective oven.  After that, all the 
adsorbents were activated by calcination at 823.15 K (heating rates of 2 K/min) in 
Carbolite Furnace CWF 1300 with air for 5 hours in order to ensure the formation of 
corresponding metal oxides.  The prepared adsorbents were then sieved to particle 
sizes of 300 µm for the sample characterization purposes.  Heating at this 
temperature (823.15 K) was found enough for the transfer of metal oxide precursor 
into stable oxide form.  It is also prevents the growth of grain size metal oxide 
clusters in the sample (Arishtirova et al., 2003; Huwe and Fröba, 2003; Korotcenkov 
et al., 2004).  The amount of metal oxide introduced in each sample was 290 µmol/g 
adsorbent. 
 
 
 
 
3.3.3.4 Amine wet impregnation procedures 
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Modification of MCM-41 and SBA-15 using amine as functional groups 
utilize the same conventional method, which is known as wet impregnation method. 
For MCM-41, methanol was use as a solvent to allow amine solution dissolves in a 
mixture before adding to the calcined MCM-41. The resultant slurry was stirred and 
dried at 70°C for 16 hours under 700 mmHg vacuum (Xu et al., 2002; Xu et al., 
2005). The same method was applied for SBA-15 with the only different is that, the 
solvent used is toluene solution and the impregnated sample was heated at 150°C for 
20 hours in a vacuum oven (Khatri et al., 2005; Gray et al., 2005). Meanwhile, 
amine modified zeolites are prepared by reaction of raw zeolite with amine at 200°C 
in an autoclave for 48 hours and some required calcination at high temperature of up 
to 500°C for 2 hours (Han et al., 2005; Guo et al., 2006).  
 
 
Through literature study, it can be observed that by using wet impregnation 
and autoclave method, temperature of up to 200°C must be apply. This proves to be 
inappropriate since the boiling point of most amine solutions are in a range of 
moderate temperature. Therefore, this study attempts to introduce a new modification 
method, which is freeze-drying method. In a typical preparation, the desired amount 
of amines will be mixed together with calculated amount of adsorbent and stir for 2 
hours. The mixture is then solidified in a freezer for 24 hours and the crystal ice 
mixture will finally go through freeze drying process utilizing Freeze Dryer (Heto 
FD 4.0) to remove water and other impurities as well as to obtain powder form 
product.  
 
 
 
 
3.4 Zeolite Characterization Procedures 
 
 
3.4.1 Structural characterization 
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Powder X-Ray diffraction (XRD) has been in use in two main areas, for the 
fingerprint characterization of crystalline materials and the determination of their 
structure.  It provides information on types and structural of crystalline phases 
present, morphology of samples, degrees of crystallinity, phase purity, micro strain, 
sizes and orientation of crystallites (Cullity, 1978).  By applying Bragg’s Law, 
powder XRD pattern is a plot of intensity of the diffracted beams as a function of 2-
Theta (2θ).   
 
 
For structural identification, the observed XRD pattern of the metal oxide 
modified zeolite is compared with the simulated standard XRD pattern of Na-Y 
zeolite that used as the reference sample (Szostak, 1992).  Any extra or missing 
peaks observed in the modified zeolite indicate the presence of other crystalline 
phase (metal oxide) or changes of structure after modification.  Many studies have 
been used X-Ray diffraction data to characterize the dispersion of metal oxide on the 
surface of zeolite microporous materials.  Large crystallite would be obvious by 
appearance of XRD reflections (Rao et al., 1996; Xiao et al., 1998; Xu et al., 2000; 
Qian and Yan, 2001; Zheng et al., 2003; Liu et al., 2004).   
 
 
In the cubic lattice, the unit cell parameter, a0 is related to the spacing of 
Miller indices (h,k,l) planes (dhkl) through the relationship (Cullity, 1978): 
 
 
  (3.1) 
 
The position of the diffraction peaks change with the composition of the 
lattice.  When Al-O bond length is being substituted with shorter Si-O bond length in 
the framework, the position of the diffracted peaks are shifted towards lower values 
and the unit cell parameter or lattice constant is decreased.  The ratio of Si/Al of the 
modified zeolite Na-Y can be calculated using the following relation (Breck, 1974): 
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Meanwhile, the intensities of the diffraction peaks are used to determine the 
crystallinity of the samples as given by Equation 3.3.  The percentage of crystallinity 
of zeolite Na-Y was calculated using 6 reflection peaks (ASTM D3906) namely 
{331}, {511}, {440}, {533}, {642} and {555}. 
 
 
 (3.3) 
 
 
In addition, XRD data was used to determine the crystallite size of the 
samples as given by Scherrer equation (Cullity, 1978; Liu et al., 2005): 
 
 
 (3.4) 
 
 
where t is the crystallite size (nm), B2 = Bm2 – Bs2 where Bm is the broadening 
measured in radians at the full width at half maximum for the highest peak of 
sample.  Bs is the system broadening which was found to be 5.34 × 10-4 radian as 
measured by using a polycrystalline silicon standard.  λ is 0.15418 nm (CuKα 
radiation). 
 
 
In this study, the powder X-Ray Diffraction (XRD) patterns were analyzed 
using Bruker D8 Advance X-Ray Diffractometer were used for structural and relative 
crystallinity identification for all the samples.  A typical sample holder is a 3 mm 
thick square plastic plate with a 25 mm diameter hole in the center.  About 0.35 g of 
sample was well ground in a mortar to average particle sizes inferior to 300 µm, and 
then spread on the plate and smoothed flat.  The structural properties before and after 
modification were characterized using XRD with CuKα radiation (λ = 1.5418 Å) in 
the range of 2θ = 20 – 500 at scanning speed of 0.050 per second for zeolites, and 2θ 
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= 0.6° - 10° for SBA-15 and 2θ = 1.5° - 10° for MCM-41 with a scan speed of 0.02° 
per second. (Gaydhankar et al., 2005; Klimova et al., 2006). The working voltage 
and current were 40 kV and 40 mA respectively.   
 
 
Apart from X-Ray Diffractometer, Fourier Transform Infrared Spectrometer 
(FTIR) Perkin Elmer Model 2000 can be used for identifying types of chemical 
bonds (functional groups) in the metal oxide modified zeolite Na-Y samples.  FTIR 
is most useful for identifying chemicals that are either organic or inorganic.  It can be 
applied to the analysis of solids, liquids, and gases.  Furthermore, FTIR can be used 
for characterizing in-situ reaction catalysis and gas-solid interaction.  The FTIR 
region can be divided into three sub regions.  The near-infrared region extends from 
12, 900 to 4000 cm-1, the mid-infrared region from 4000 to 400 cm-1 and the far-
infrared region from 400 to 10 cm-1 (Ingle and Crouch, 1988).   
 
 
Mid-infrared spectrum is mostly applied in the sample chemical composition 
identification.  It can be approximately divided into the X-H stretching region (4000 
– 2500 cm-1), the triple-bond region (2500 – 2000 cm-1) and the fingerprint region 
(1500 – 600 cm-1).  The FTIR spectrum of zeolites contains the fundamental 
vibrations of tetrahedral units TO4 (T = Si, Al) that reflects the structural 
characteristics of the zeolite framework.  According to Flanigen et al. (1971) and 
Yong and Wha (1999), the band positions assigned to the vibrations of zeolite 
structural are as presented in Table 3.2.   
 
 
After metal oxide-zeolite modification, FTIR absorption bands of all the 
modified samples were compared to the commercial zeolite Na-Y to characterize the 
chemical nature and structure effect of the modified samples.  The samples were 
milled with potassium bromide (KBr) in the ratio of 1 mg sample to 100 mg KBr to 
form a very fine powder (sieved to average particle sizes of 300 µm).  This mixture 
is then compressed into a thin pellet 1.3 cm using hydraulic press (Carver Hydraulic 
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Unit Model 3912) under 5 metric tons of pressure for 5 minutes.  The FTIR vibration 
spectrum was collected of 10 scans and recorded between 4000 - 370 cm-1 with  
4 cm-1 resolutions.   
 
 
Table 3.2: The assignment of FTIR bands in zeolites (Flanigen et al., 1971). 
Structure insensitive vibrations Band positions (cm–1) 
Asymmetric stretching of TO4 
Symmetric stretching of TO4 
T-O bending 
950 – 1250 
650 – 720 
420 - 500 
Structure sensitive vibrations Band position (cm-1) 
Asymmetric stretching of TO4 
Symmetric stretching of TO4 
Double ring vibrations 
Pore opening vibration 
1054 – 1150 
750 – 820 
500 – 650 
300 - 420 
  
 
Apart from that, the Scanning Electron Microscope (SEM) that equipped with 
Electron Dispersive Spectroscopy (EDS) was used for detecting the chemical 
composition of unmodified and metal oxide modified zeolites framework.  The 
EDAX quantification analysis from EDS analyzer was carried out.  The fraction of 
metal element composition in metal oxide compound of the modified sample was 
apparent in the EDAX data.  Five measurements at different spots were scanned to 
obtain an average value of the data as well as to confirm the homogeneity properties 
of metal oxide modified Na-Y samples. 
 
 
 
 
3.4.2 Physical properties characterization  
 
 
The surface area and pore size properties of metal oxide modified Na-Y 
zeolite prepared in this study were characterized using Micromeritics ASAP 2000 
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Version 3.00 surface area and pore size analyzer at 77 K (liquid nitrogen 
temperature) with accompanying software from Micromeritics.  It utilizes the 
principle of physical adsorption to obtain adsorption and desorption isotherms.  The 
single point and multipoint surface area analyses were automatic performed plus pore 
size and pore volume distributions information.  Prior to the actual measurement, it is 
necessary to remove any adsorbed gases or vapors.  For this purpose, the zeolite 
sample 0.1-0.2 g was grinded in a mortar to particle size of 300 µm before it was 
placed in the sample bulb, attached to the sample station for outgas and dehydrated at 
673 K under vacuum at 1.0 Pa for 2 hours.  After sample cooling to room 
temperature, the sample bulb was immediately moved to the analysis port for gas 
nitrogen adsorption measurement.  Adsorption isotherm was obtained by a 
volumetric method.  Equilibrium time for isotherm measurements was about 5 
minutes per equilibration point.  The surface areas were calculated by using the 
conventional Brunauer, Emmett, Teller (BET) method.  The pore parameters were 
calculated from the desorption branches of these isotherms using t-plot and Barrett-
Joyner-Halenda (BJH) methods.  Meanwhile, the calculation of micropore volume 
and micropore surface area was using t-plot method. 
 
 
 
 
3.4.3 Morphological characterization 
 
 
The Scanning Electron Microscope (SEM) and Transmission Electron 
Microscope (TEM) are microscopes that use electrons rather than light to form an 
image.  They produce images of high resolution, which means that closely spaced 
features can be examined at a high magnification.  The combination of high 
magnification, larger depth of focus, greater resolution, and ease of sample 
observation makes the SEM and TEM heavily used instruments in research areas 
today (Scüth et al., 2001; Kosanović et al., 2002; Bi and Lu, 2003; Zhang et al., 
2003; Ponce et al., 2004; Zhu et al., 2005).   
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For morphological characterization in this study, Scanning Electron 
Microscope images were acquired for several samples structural identification using 
a SEM Philip XL 40 Series equipped with Electron Dispersive Spectroscopy (EDS) 
system for chemical analysis.  Experiments were carried out at 30 kV with a 
resolution of 5 nanometers to study the fine structure and morphology of the metal 
oxide species that dispersed on the zeolite Na-Y samples.  Before the 
characterization, the sample is mounted on a specimen stub and sputter with gold at 
pressure below 10-1 mbar for 120 second to prevent surface charging and to protect 
samples from thermal damage by the electron beam.  These thin layer gold coated 
samples also makes them conductive and ready to be viewed by the SEM.  The 
samples were then placed on the stage, vacuumed and the magnification was 
manipulated to 5000 times for the characterization.  The focus was then adjusted, the 
contrast and brightness of the image was well controlled.   
 
 
 
 
3.5 Gas Adsorption Measurements 
 
 
Gas adsorption study involves several types of adsorbates namely methane 
(CH4), carbon dioxide (CO2), nitrogen (N2) and oxygen (O2).  It involves 
measurements on gas adsorption capacity, gas adsorption isotherm, uptake rate of the 
adsorbates, and gas – solid interactions on different zeolites.  The experimental data 
obtained will be used to determine the characteristics of gas adsorption on 
structurally different zeolites and different metal cation exchanged zeolites.  
 
 
 
3.5.1 Gas adsorption isotherm measurements 
 
 
Since adsorption equilibrium is the most fundamental property, a number of 
studies have been conducted to determine the amount of species adsorbed under a 
 84 
given set of conditions (Suzuki, 1990).  Adsorption isotherms measurements of 
methane and carbon dioxide were carried out in a similar manner as nitrogen 
adsorption isotherm (Section 3.4.2) except that the adsorption was carried out at 298 
K.  The adsorption was measured using volumetric adsorption analyzer 
(Micromeritics ASAP 2000).  Each sample weight between 10 – 20 mg was activated 
at 673 K for a minimum of 2 hours.  The sample was allowed to cool to 298 K before 
the adsorption of adsorbate was carried out.  The amount adsorbed was expressed as 
volume adsorbate (cm3) per unit mass (g) of adsorbent.  
 
 
 
 
3.5.2 Gas adsorption kinetics measurements 
 
 
Gas adsorption capacity of zeolites was determined using gravimetric method 
using thermal gravimetric analyzer (Perkin Elmer, TGA 7).  Zeolite sample between 
5 – 15 mg is spread on a platinum pan (ca 5mm in diameter), activated at 673 K for 
at least 2 hours or until no weight change was observed.  The sample was cooled and 
then held at 323 K for adsorption to occur until it reached equilibrium.  Adsorbed 
amounts were expressed as the amount adsorbed (mmol) per unit mass (g) of an 
adsorbent.  Figure 3.2 shows the schematic diagram of the system used to measure 
the gas adsorption capacity dan the uptake rate of adsorbate.   
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Figure 3.2: A schematic diagram of thermogravimetric adsorption system. 
 
 
 
 
3.5.3 Heat of adsorption measurements 
 
 
The heat of adsorption for pure and selected modified samples were also 
measured using Thermogravimetric analyzer by varying the temperature of gas 
adsorption from 323.15 to 363.15 K at 138 kPa.  First, the sample was heated from 
303.15 K to 673.15 K at 50 0C/min and held at 673.15 K for 30 minutes to remove 
water molecules and impurities.  The sample was then cooled down to 323.15 K at 
20 0C/min for gas adsorption until equilibrium (400 minutes). Then, by setting the 
temperature program, the sample was heated up again to 343.15 K at 50 0C/min and 
held at that temperature for around 200 minutes until no weight loss was observed. 
Lastly, the sample was further heated to 363.15 K and held for 200 minutes until gas 
adsorption capacity reaches the saturation or equilibrium condition.  Amount of gas 
adsorbed for each sample studied was calculated.  The enthalpy of adsorption is 
interpreted from the slope of the plot of In ns versus 1/T, while the entropy of gas 
adsorption is evaluated from the intercept of the plot using Equation 2.6. 
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3.5.4 Gas-zeolite interaction measurements 
 
 
Measuring gas-zeolite interaction is not a simple method.  A review by Rege 
(2001) revealed that neither gravimetric nor volumetric method would be well suited 
in measuring the interaction.  Their study showed that FTIR spectroscopy has 
emerged as a tool to study microscopic behavior of adsorbed molecules.  Therefore, 
in order to study the behavior of the adsorbed molecules, an adsorption cell was 
fabricated with CaF2 infrared window that could be integrated with FTIR instrument 
(Figure 3.3).  The cell could stand pressures in the range of 0.001 to 1013.5 kPa.  In 
this study, a thin self-supported wafer of each sample was prepared and outgassed 
(activated) in a dynamic vacuum (residual pressure < 2 x 10-3 kPa) for 2 hours at 
about 700 K inside an infrared adsorption cell which allowed in-situ high 
temperature activation, gas dosage, and variable-pressure spectroscopic 
measurements to be carried out.   
 
 
A laboratory-made FTIR cell unit used in this study is illustrated in Figure 
3.4.  The apparatus for FTIR measurement is made up of stainless steel equipped 
with a CaF2 window 25 mm in diameter in order to be used at 673.15 K under the 
pressure up to 276 kPa.  CaF2 with 77, 000 – 900 cm-1 useful range has been chosen 
as window material due to the high resistance to most acids and bases; does not fog; 
insoluble in water and useful for high pressure work (Stuart, 2004).  The diameters of 
external and internal FTIR cell are 31 mm and 25 mm, respectively.   
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Figure 3.3: A schematic diagram of gas - zeolite interaction adsorption cell. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: The schematic structure of in situ FTIR cell. 
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The pretreatment was carried out by closing V1 valve and opening V3 and 
V2 valves to vacuum the adsorption cell.  The sample was heated for 2 hours to 
remove the moisture and other components, if any, adsorbed on the zeolite. The 
adsorption cell was then isolated by closing V2 and V3 valves and the sample was 
allowed to cool to room temperature.  The recording of the spectrum was carried out 
using FTIR spectroscopic instrument (Perkin Elmer) at room temperature.  The gas 
adsorbate was introduced at 137 kPa by opening V1 and V2 valves to allow the gas 
to adsorb on the zeolite sample for 2 hours.  V2 valve was then closed and the 
recording of the adsorbed molecules was carried out using the same FTIR 
spectroscopy instrument.  The spectra obtained were compared against the 
background spectrum of zeolite wafer. 
 
 
 
 
3.6 Adsorption Isotherm Model Constant Estimation  
 
 
As discussed in Chapter 2, equation models such as Henry (Equation 2.1), 
Langmuir (Equation 2.3), Freundlich (Equation 2.5), and Dubinin-Polanyi  (Equation 
2.10) could be used to describe adsorption of gases at equilibrium.  Table 3.3 shows 
methods of plotting gas adsorption data in order to estimate the respective model 
parameters 
 
Table 3.3: Methods of plotting gas adsorption data and calculating the constants 
Equation Plotting A vs B Calculation of  constants, C1 and C2 
Henry’s,  
 q = kP                   q vs P 
Slope, m = k 
Langmuir,  
BP
BP
q
q
m +
=
1
      1/q vs 1/P 
Slope, m = 1/Bqm 
B = c/m 
 
Intercept, c = 1/qm 
qm = 1/c 
Freundlich,  
q = KP1/n             ln q vs ln P 
Slope, m = 1/n 
n = 1/m 
Intercept, c = ln K 
K = exp (c) 
Dubinin-Polanyi 
2
lnln !!
"
#
$$
%
&
'=
o
P
P
DCW  
Plot ln q vs (log 
P/Po)2 
 
Slope, m = C 
 
Intercept, c = D 
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3.7 High Pressure Adsorption Measurement 
 
 
3.7.1 Adsorptive gas storage  
 
 
The vessel used for high pressure adsorption measurement is a 15 cm3 
stainless steel pressurized gas cell. This pressurized cell was specially made from 
stainless steel type 316L.  The head is flanged-type and it is airtight.  It can be 
opened and closed to replace the adsorbent used. The specification and schematic 
diagram of the cell is shown in Table 3.4 and Figure 3.5, respectively. 
 
 
Table 3.4: ANG vessel specification 
Type Natural Gas pressurized Vessel 
Material Stainless Steel Type 316 
Design Pressure 300 MPa 
Design Temperature Up to 1000C 
Internal Volume 15 cm3 
15 ml 
Internal height 4.8 cm 
Internal Diameter 2.0 cm 
Dimension 
Wall Thickness 1.0 cm 
Product Storage Methane 
 
 
 
The ANG cell is installed with a thermocouple and is connected to the 
methane supply using stainless steel tubing.  The thermocouple is installed at the 
middle of the cell to measure the storage temperature.  It has been reported that the 
central region of the adsorbent bed suffers from the severest temperature fluctuation 
in a short period during discharge (Zheng et al., 2005). Thus, the temperature probe 
is installed at the middle of the cell in which temperature varies the most.  Other than 
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that, results from Chang and Talu (1996) also find out that in the radial direction of 
10 cm distance, the temperature gradient only significantly occurred beyond 4 cm of 
the cylinder radius after 100 minutes of discharge (about 1oC at 4 cm radius).  Since 
the radius of the vessel is only 1 cm, while the discharging period is below 100 
minutes, it is assumed that the radial temperature variation is negligible. 
 
 
 
Figure 3.5: A schematic diagram of ANG pressurized gas vessel 
 
 
The measuring devices used for this experiment are thermocouple, digital 
pressure gauge and measuring cylinder.  Other controlling equipments are ball valves 
and pressure regulator.  Vacuum pump is being used to evacuate the ANG cell before 
charging process is being done. List of equipment is shown in Table 3.5.  
 
 
 
 
 
Thermocouple 
Gas inlet/outlet 
O-ring 
Bolt x 6 pieces 
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Table 3.5: Measuring and controlling equipment 
Item Operating range Function 
Thermocouple -60 to 100 oC To measure the temperature of the gas 
inside the cell 
Pressure gauges 0 to 1500 psi 
0 to 1000 psi 
To measure the pressure inside the cell 
To measure pressure in the tubing 
Measuring cylinder 0 to 500ml To measure the outlet of the gas. 
Needle valve - To open and close gas flow. 
To control the flow rate of the gas. 
Multi stage 
regulator 
0 to 600 psi To step down gas supply pressure to 
operating pressure. 
Vacuum pump -760 to 0 mmHg To evacuate the test cell before methane 
charging. 
 
 
The overall picture for the high pressure adsorption is shown in Figure 3.6 
and it is illustrated schematically in Figure 3.7.  The union-T fitting connects the test 
cell, digital pressure gauge and methane supply tubing.  The tubing used to connect 
these equipments is a 2 mm internal diameter stainless steel tubing.  Four ball valves 
are installed at four directions as shown in the diagram and are connected using a 
union cross.  The measuring cylinder is used to measure the total gas discharge and 
the digital pressure to indicate the pressure inside the cell and tubing.  
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Figure 3.6: Experimental rig used for the ANG measurement 
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Figure 3.7: A schematic diagram ANG rig (15 ml) (1. Methane gas cylinder; 2. 
Helium gas cylinder ; 3, 4. Multi-stage pressure regulator; 5,6,7,8. Needle valve; 9. 
Union cross fitting; 10. Thermocouple; 11. Pump;12. Temperature data control 
board; 13,14. Digital pressure meter; 15. ANG cell; 16. Measuring cylinder) 
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3.7.2 Experimental Procedure 
 
 
The experimental procedures involve empty cell measurement, remaining 
volume available after the adsorbent loading, pre-adsorption treatment and dynamic 
adsorption/desorption measurement. Pre-adsorption treatment involves preparation of 
the adsorbent before loading into the cell.  While dynamic adsorption/ desorption 
procedure is the charge and discharge process under cyclic test at various charging 
and discharging rates. The amount of methane being charged cannot be determined 
using the electronic balance because the weight of the methane being charged is 
difficult to measure since the size of the cell is small and thus, the weight change is 
not significant. Instead, helium gas will be used to determine the remaining volume 
available after the adsorbent being loaded into the cell with the assumption that 
helium is not being adsorbed on the adsorbent.   
 
 
Using the empty cell without adsorbent, all valves were closed and the 
pressure regulator output V2 for helium was set to 500 psi. Valve V5 was slowly 
opened followed by V7 to allow the helium gas to enter the cell. V2 and V5 valves 
were close when the pressure inside the cell reaches equilibrium (500 psi). V8 was 
slowly open to allow the gas to flow into the measuring cylinder until the pressure 
inside the cell reaches atmospheric pressure. Then, volume of the gas, X1 was 
recorded. This is a volume of the cell at 1 bar. The volume of the gas occupies at 
charging pressure will be calculated using equation below: 
  (P1X1) / Z1 T1 = (P2V2) / T2Z2                              (3.1) 
 where, 
  P1 = Pressure at atmospheric (1 bar) 
  X1 = Volume of helium gas release at measuring cylinder 
  T1 = Temperature at atmospheric pressure. 
  P2 = Charging pressure 
  V2 = Volume of gas occupy in the tubing and cell at P2 
  T2  = Temperature at P2 
  Z = Compressibility factor 
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Vtiub + Vcell = V2 (3.2) 
 
Helium gas was also used to determine the remaining volume of the cell after 
the cell is loaded with the adsorbent. One assumption has been made, the amount of 
helium adsorbed at room temperature is nil (Zhang et al., 2004).  The empty cell 
testing was repeated for different pressures, 400 psi, 300 psi and 200 psi. 
 
 
In order to determine the volume of remaining cell after adsorbent loading, 
adsorbent is heated in oven for approximately 3 to 4 hours at 110 °C to remove the 
volatile compounds trapped inside the pores. The cell was weighed without the 
adsorbent and the value was recorded. Adsorbent were then loaded into the cell by 
adding the adsorbent bit by bit followed by swinging and softly hammering the 
vessel (Bastos-Neto et al., 2005). The intensity of force applied during pressing must 
be appropriate to avoid the adsorbent particles from being damaged by excessive 
force. Then, the adsorbent-fill cell was weighed the packing density of the adsorbent 
bed was calculated.  All valves were closed except for V6 and V7. The vacuum 
pump was switched to ON position in order to remove the remaining residual gas.  A 
very fine stainless steel wire mesh was used to cover the top of the cell to avoid the 
adsorbent being sucked out of the cell during the vacuuming process.  
 
 
After that, all valves were closed except for V5 and V7. By controlling V2, 
the gas regulator was slowly opened to allow gas to flow into the cell.  When 
pressure inside the cell reaches equilibrium at 500 psi, valve V5 was closed and the 
cell temperature was allowed to reach thermal equilibrium with the surrounding.  
Then the V8 was slowly opened to release the gas.  Amount of gas helium release is 
recorded as X2, a volume of the helium at 1 bar.  The remaining volume inside the 
cell then can be obtained.  This procedure was repeated for pressures 100 psi, 200 
psi, 300 psi and 400 psi.   
 
 
The volume of the gas occupies at charging pressure was calculated using 
equation below: 
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  (P3X2) / T3Z3 = (P4V4) / T4Z4     (3.3) 
 where, 
  P3 = Pressure at atmospheric (1 bar) 
  X2 = Volume of gas release at measuring cylinder 
  T3 = Temperature at atmospheric pressure. 
  P4 = Charging pressure 
  V4 = Volume of gas occupy in the tubing and cell at P4 
  T4 = Temperature at P4 
  Z = Compressibility factor 
 
Vtiub + Vavailable = V4      (3.4) 
 
From equation 3.2, value of V2 was obtained.  The volume of the adsorbent occupied 
the cell after loading the adsorbent is: 
Vadsorbent = V2 – V4      (3.5) 
By knowing the volume of the empty cell (15 cm3), the remaining volume, Vavailable, 
can be calculated.  
Vadsorbent + Vavailable = 15cm3 
Vavailable  = 15 - Vadsorbent  (3.6) 
Calculating Vavailable for each pressure, a graph of Vavailable versus pressure was 
plotted. To determine the volume of the tubing, let’s rearrange the equations. 
Using He, Vtiub + Vcell  = V2      (3.2) 
Using He, Vtiub + V available = V4     (3.4) 
 Volume of adsorbent only, Vadsorbent   = V2 – V4     (3.5) 
 Volume in cell + adsorbent, Vavailable  = 15 - Vadsorbent (3.6) 
 Volume of tubing, Vtubing   = V4 – (15 - Vadsorbent) (3.7) 
 
 
After obtaining the Vremaining for the cell, the helium gas in the system need to 
be removed. The adsorbent-filled cell was emptied until the pressure reach 0 atm or -
14.7 psi using the vacuum pump. The gas regulator was slowly opened and the 
pressure set around 100 psi.  Then, V5 was slowly opened followed by V7 to charge 
the cell until it reaches 100 psi. The cell was left overnight for the adsorption to 
achieve equilibrium.  Then the gas was released from the cell at the atmospheric 
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pressure. The time, volume released and temperature were recorded.  After that, the 
remaining gas was removed from the cell using the vacuum pump.  
 
 
This procedure was repeated for pressure 200 psi, 300 psi, 400 psi and 500 
psi.  The amount of gas release at the respective pressure need to minus the gas 
release from the tubing at the respective pressure to get the actual amount of gas 
release from the adsorbent fill cell.  Then, from the data obtain, graph is plotted for 
amount of methane released versus charging pressure.  This experiment was repeated 
for other adsorbent. 
 
 
 
 
3.7.3 Estimating the amount of methane stored, delivered and 
adsorbed. 
 
 
Amount of methane delivered (at specific pressure), Vdelivered : 
Vdelivered= Amount of methane release (at specific pressure from graph) 
 = Amount of methane stored (at specific pressure) – 
  Amount of methane remain in cell (from graph P = 0 psi)    (3.8) 
 
Amount of methane stored (at specific pressure), Vstore : 
Vstore = Amount of methane release (at specific pressure from graph) +  
Amount of methane remaining in cell (from graph P = 0 psi)  (3.9) 
 
Amount of Methane Adsorbed (at specific pressure), nadsorbed : 
nadsorbed = Amount of methane store (at specific pressure) – 
  Amount of methane in remaining volume (Vavailable)  (3.10) 
 
The amount of gas in Vavailable can be calculated using the equation : 
 PVavailable = ZnadsorbedRT            (3.11) 
where 
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P  = Pressure of cell  
Vavailable = Volume occupy by helium at specific pressure 
Z = compressibility factor of methane gas at specific 
pressure and temperature 
 nadsorbed  = Amount of methane adsorbed at specific pressure 
 R  = Gas constant, 83.14 cm3 bar/ mol K 
 T  = Temperature 
 
 
 
 
3.7 Summary 
 
 
The materials and methods were designed and presented accordingly to fulfill 
the mentioned objectives and scopes as presented in Chapter I. The experimental 
procedures involving zeolite and mesoporous synthesis, characterization of parent 
and modified microporous and mesoporous adsorbents, and gas adsorption 
measurements were carried out to obtain related data of zeolite properties on gas 
adsorption of different zeolites and mesoporous materials. The selected analytical 
procedures with effective instrumentations enable highly accuracy and efficient 
characterization on the adsorbents physicochemical properties and gases adsorptive 
characteristics be carried out and investigated.  The addition of metal cations, metal 
oxides, and amines to the selected adsorbent is to study the effect of different 
substances on gas adsorption characteristics. In general, the study on gas adsorption 
characteristics of porous adsorbents was achieved by carrying out the above-
mentioned procedures. 
 
  
 
 
CHAPTER 4 
 
 
 
 
GAS ADSORPTION CHARACTERISTICS OF STRUCTURALLY 
DIFFERENT ZEOLITES 
 
 
 
 
4.1 Introduction 
 
 
Zeolites are potential adsorbent due to the ability of their microporous 
structures to adsorb molecules at relatively low pressure.  They have been used 
extensively in industries as adsorbent for separating gases such as CH4, NH3, H2S, 
N2, O2, and CO2.  Considering the structural difference, it seems interesting to 
explore the adsorptive activities of zeolites.  Studies on this area might clarify the 
relationship between gas adsorption and zeolite structure.  It is important to realize 
that different structural framework might produce different adsorption 
characteristics.  Even though many studies have been carried out involving 
microporous zeolites such as ZSM-5, X and Y zeolites, the relationship between 
adsorptive characteristics and its structure and physicochemical properties still need 
to be further clarified especially in the adsorption of gases at room temperature or 
slightly higher temperature.  Properties such as pore size, pore volume, surface area, 
and unit cell parameter may have greater influence on the characteristics of gas 
adsorption.  Other factors such as Si/Al ratio and crystallinity may also affect gas 
adsorption characteristics.  At the same time, gas molecules (adsorbates) also have 
an effect on the adsorption characteristics.  Kinetic diameter of adsorbates 
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determines the accessibility and type of diffusion that occur inside the pore, whereas 
charge and the polarity or dipole/quadrapole moment determines the strength of 
interaction between adsorbate and zeolite.  However, it is still important to 
understand the way different structures response to different types of adsorbates. 
 
 
In this study, types of zeolites chosen are ZSM-5, mordenite, ferrierite, 
zeolite beta, zeolite A, and faujasite (Na-SZ18, NaX, and NaY).  As described in 
Table 4.1, the choice of these zeolites makes it possible to understand the effect of 
zeolite properties such as pore network system, pore size, surface area, pore volume, 
and zeolite compositions (Si, Al, and Na) on gas adsorption characteristics. In order 
to carry out the study, zeolites were divided into two groups, one that provides a 
uniform channel system either in one, two, or three dimensional channel systems, 
called channel type zeolite and the other that has internal pore system of 
interconnected cage-like void called cage type zeolite.  ZSM-5, mordenite, ferrierite 
and zeolite beta belong to channel group whereas zeolites A, NaX, NaY and Na-
SZ18 are cage type zeolites having three-dimensional pore system.  In order to 
understand the differences between those zeolites, characterizations were carried out 
to determine the structure and the physical properties of zeolites.  The effects of 
zeolite structural framework and properties on gas adsorption capacity were studied.  
Further investigation was carried out to determine gas adsorption characteristics 
based on gas adsorption capacity, gas adsorption isotherm and gas uptake rate using 
two types of gases, CH4 and CO2.  To elucidate the data obtained, model equations 
were used to determine thermodynamic and kinetic parameters of gas-zeolite 
adsorption.   
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Table 4.1: Structural framework and pore network of zeolites. 
Framework Description 
 
 
ZSM-5 
 
 
 
Zeolite beta 
 
 
 
Ferrierite 
 
 
Three dimensional pore system of straight and 
zig-zag channels. The straight channels are 
formed by elliptical 10-membered rings of 
0.51 x 0.55 nm. Another channel formed by 
nearly circular 10 membered rings of 0.54 x 
0.56 nm (Wu et al., 1983; Zhang et al., 2003; 
Koriabkina et al., 2005). 
 
 
Disordered tetrahedral framework structure 
along [001]. It has perpendicular 12 rings 
channel systems with pore opening of 0.60 x 
0.73 nm and 0.68 x 0.73 nm. The sinusoidal 
channels have the circular opening of 0.5 nm 
(Stelzer et al., 1998; Barcia et al., 2005). 
 
 
Composed of four- and five membered rings 
of tetrahedral. Ten membered ring channels 
have pore diameter of 0.54 x 0.42 nm and 
eight membered ring channels formed in this 
zeolite have pore diameter of 0.48 x 0.35 nm 
(van Well, 1998). 
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Table 4.1: Structural framework and pore network of zeolites (continuation). 
Framework Description 
 
 
Mordenite 
 
 
Faujasite 
 
 
 
 
Zeolite A 
 
The building unit consists of four and five 
member rings. It contains a two dimensional 
channel system, a straight 0.70 x 0.65 nm 
channels connected by short alternating 8 ring 
channels (0.26 x 0.57 nm) (Nagy et al., 1998; 
Izumi et al., 2002; Hincapie et al., 2004) 
 
 
A linkage of TO4 tetrahedra in a truncated 
octahedron in a diamond-type structure is 
referred to as the sodalite unit or sodalite 
cage. The main cavities are about 0.13 nm 
and interconnected through 12 membered ring 
apertures about 0.74 nm in diameter 
(Takaishi, 1996; Nagy et al., 1998; 
Weitkamp, 2000). 
 
Truncated octahedral linked to other cavities 
through 6-membered ring and truncated cubo-
octahedra linked together through 8-
membered ring. The internal cavity is 0.11 nm 
in diameter and connected by circular 
aperture of 0.42 nm. The cavities are 
connected in three- dimensional system (Nagy 
et al., 1998; Kaushik et al., 2002). 
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Therefore, based on the methodology presented in Chapter 3, this chapter 
discusses the effect of zeolite structure and physical properties of structurally 
different zeolites on gas adsorption behavior at controlled temperature and pressure.  
Commercial and synthesized zeolites were used in identifying important attributes 
affecting gas adsorption characteristics, followed by discussion on the adsorption 
equilibrium and adsorption kinetics of the zeolites.  The gas interactions were 
investigated using FTIR spectroscopy method and finally, gas adsorption 
mechanism describing the adsorption in zeolite pore system was proposed. 
 
 
 
 
4.2 Properties of Zeolites 
 
 
4.2.1 Structural determination 
 
 
Since the development of zeolite science, determination of zeolite structure 
has involved a number of techniques such as x-ray diffraction (XRD), Fourier 
transform infrared (FTIR) spectroscopy, and nuclear magnetic resonance (NMR) 
spetroscopy (Flanigen and Khatami, 1971; Nagy et al., 1998; van Bekkum et al., 
1991).  Structural characterizations are important to provide direct information of 
structure, identification of crystal phase with the known structure, investigation of 
framework properties, the silicon-aluminium ordering, and the states of various 
elements incorporated in zeolite structure (Nagy et al., 1998).  However, in this 
study, the characterization of zeolites structural framework using XRD and FTIR 
techniques is carried out in order to gather more insight into structural properties of 
these materials.   
 
 
Determination of zeolite structure in gas adsorption study is very important 
in order to gain comprehensive understanding on factors that influence the 
adsorption phenomena.  The difference in structural framework arrangement and 
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pore network system would produce different gas adsorption characteristics.  XRD 
patterns of zeolite samples were obtained using x-ray diffractometer (Bruker) by 
CuKα1 radiation.  This method was used based on the fact that every crystalline 
material has its own characteristic XRD pattern (van Bekkum et al., 1991).  In order 
to verify types of structural framework used, the XRD pattern of each sample was 
compared with the simulated patterns collected by International Zeolite Association 
Structure Commission (IZA-SC).  The XRD measurements showed that crystallites 
of ZSM-5, mordenite, ferrierite, and beta exist in the respective sample (Figure 4.1).  
The intensity of peaks indicates that the formation of crystallite phase for ZSM-5, 
mordenite and ferrierite zeolites are relatively high.  However, XRD pattern of 
zeolite beta has a combination of sharp and broad reflection that indicates a partial 
structural disorder of the framework and even some peaks were not observed in the 
diffraction patterns.   
 
 
 
Figure 4.1: The XRD patterns of channel type structures: (a) beta; (b) ferrierite; (c) 
mordenite; and (d) ZSM-5. 
 
 
The XRD patterns of cage structures are shown in Figure 4.2.  Diffraction 
patterns of NaX and NaY zeolites are found to be similar to faujasite structure.  
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Another typical faujasite XRD pattern belongs to Na-SZ18, a zeolite that was 
synthesized under hydrothermal condition at 373 K.  The peak positions of the 
faujasite group zeolites are in good agreement with those reported in IZA-Structure 
Commission (Table 4.2).  Except for the minor change in peak positions, this sample 
exhibits a low background signal and sharp reflection, indicating excellent 
crystallinity of the sample.  The XRD pattern of zeolite A, another cage type zeolite 
is also shown in Figure 4.2.   
 
 
 
Figure 4.2: The XRD patterns of cage type structures: (a) NaY; (b) NaX; (c) Na-
SZ18; and (d) zeolite A. 
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Table 4.2: The peaks position and intensities of cage type zeolites obtained from 
XRD data. 
Hydrated FAU 
(IZA-SC)* 
NaY NaX 
 
Na-SZ18  
hkl 
2θ 2θ I(cps) 2θ I(cps) 2θ I(cps) 
331 
551 
440 
533 
642 
555 
15.419 
18.405 
20.053 
23.286 
26.631 
30.916 
15.647 
18.688 
20.362 
23.650 
25.787 
30.748 
855 
341 
556 
712 
548 
615 
15.527 
18.436 
20.085 
23.321 
26.660 
30.975 
605 
198 
320 
735 
654 
682 
15.523 
18.533 
20.199 
23.449 
26.832 
31.134 
474 
175 
296 
501 
474 
499 
*(IZA-SC) International Zeolite Association – Structure Commission 
 
 
 Another method to characterize the framework structure is by infrared 
spectroscopy (Flanigen et al., 1971).  IR spectroscopy was applied to detect the 
presence of polyhedral building unit presence in zeolite frameworks.  The infra- red 
region of the spectrum used is between 1400 to 370 cm-1 since that region contains 
the fundamental vibration of aluminosilicate framework and should reflects the 
framework structure.  Each zeolite species has a typical infrared pattern which is 
generally similar to zeolites from the same structural type and group.  As shown in 
Figures 4.3 and 4.4, the infrared spectra of zeolites in this region that consist of 2 
classes of vibrations: Internal vibrations which is insensitive to variations in 
framework and vibrations related to external linkages between tetrahedra which are 
sensitive to the framework structure.  The spectra could also indicate the presence of 
some secondary building unit (SBU) and building block polyhedral such as double 
rings and large pore openings (Flanigen et al., 1971).   
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Figure 4.3: The FTIR spectra of zeolite: (a) ZSM-5; (b) ferrierite; (c) mordenite; 
and (d) zeolite beta. 
 
 
 
Figure 4.4: The FTIR spectra of zeolite: (a) NaY; (b) NaX (13X); (c) Na-SZ18; and 
(d) zeolite A. 
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As reported by Flanigen et al. (1971), the strongest vibration in the range of 
950-1250 cm-1 is assigned to a T-O stretch involving motion primarily associated 
with oxygen atoms, or alternately described as an asymmetric stretching mode  
 OT  O.  The next strongest band (except for zeolite A) in the region of 420 – 
500 cm-1 is assigned to a T – O bending mode.  Stretching modes involving motions 
primarily associated with the T atoms, or alternately described as symmetric 
stretching modes  OTO , are assigned in the region of 650-820 cm-1.  The 
symmetric modes are further classified into an internal tetrahedron stretch in the 
lower spectral region of 650 – 720 cm-1 and an external linkage symmetric stretch 
reflecting structure-sensitive external linkages in the higher region of 750 – 820  
cm-1.   
 
 
The stretching modes (950 – 1250 cm-1 ) are sensitive to framework Si/Al 
composition and are shifted to lower frequency with increasing Al content (Flanigen 
et al., 1971).  This is shown in Figure 4.4 where the stretching modes with highest 
wavenumber is assigned to NaYSi/Al = 2.5 (1023 cm-1), followed by SZ-18 Si/Al = 1.53 
(988 cm-1) and the lowest wavenumber (979 cm-1) assigned to NaXSi/Al= 1.06.  
However, the framework Si/Al does not substantially affect T-O bending mode.  The 
results as presented in Figures 4.3 and 4.4 also show that FTIR spectra for channel 
and cage zeolite are in good agreement with typical zeolite structures (Flanigen et 
al., 1971; Chen et al., 1999; Hincapie et al., 2004).  The presence of double ring is 
shown in the region of 540 – 585 cm-1 irrespective of Si/Al ratio.  Other infrared 
bands showing characteristics related to framework topology and assigned to 
external linkages modes appeared as shoulder near 1050 – 1150 cm-1 in the 
asymmetric stretch region.   
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4.2.2 Physicochemical properties of zeolite 
 
 
The IUPAC classification of gas-solid adsorption isotherms covers the 
behavior of adsorption systems.  As accordingly recommended by IUPAC, the first 
step is to identify the isotherm type and hence the nature of the adsorption process 
(Sing, 1984).  Nitrogen adsorption was carried out using volumetric method as 
described in Section 3.4.2.  The experimental isotherm obtained for channel 
structures as presented in Figure 4.5 follow type I isotherm except for zeolite beta 
where the shape of the initial part of isotherm is rather similar to type I but as it 
reaches saturation, the adsorption rapidly increases to a higher value (Type II).  This 
indicates a shift of micropore-size distribution with formation of larger micropores 
progressively filled at higher pressure.  A slope at the end of the isotherm signify the 
presence of mesoporous or external surface area (Carvalho et al.,1994).  Adsorption 
isotherms of cage structures show a rapid increase in the amount adsorbed followed 
by a long nearly flat region at higher pressures (Figure 4.6).  As reported by Khelifa 
et al. (2004), the volume of the adsorbed phase is limited by the volume of the 
microporosity at which the adsorption occurred.  However, close examination on 
adsorption isotherm of cage type structure revealed that synthesized zeolite (Na- 
SZ18) possesses slightly more mesopores than other cage structures.  Similar pattern 
appears for nitrogen adsorption isotherm of 5A zeolite.  
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Figure 4.5: Nitrogen adsorption isotherms of channel-type zeolites. 
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Figure 4.6: Nitrogen adsorption isotherms of cage-type zeolites. 
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Other properties determined from the adsorption isotherm data are micropore 
area, pore volume, and average pore diameter.  Table 4.3 shows that for channel 
type zeolites, mordenite has the highest surface area followed by ZSM-5, beta, and 
ferrierite.  The area calculated consists of micropore area and external surface area 
that provide space for gas molecules to adsorb.  These values are in accordance with 
data provided by Zeolyst International.  However, some variation are also reported 
by Triantafillidis et al. (2000) and Sato et al. (2003) that the BET surface area of 
NaY zeolite is 879 m2/g and 718 m2/g respectively.  As discussed in Chapter 2, the 
differences are due to the complexity of accessing the surface area, which is due to 
pore blocking that leads to low amount of nitrogen adsorbed on the zeolite.  One 
dimensional pore network or zig-zag channel (ZSM-5) also encounter more 
blockage inside the pore than three dimensional open framework structures such as 
zeolite NaY.   
 
 
In general, faujasite structures offers some advantages in term of surface area 
and pore volume since it provides more space for adsorbates to accumulate and 
adsorb inside the cage.  These structures also have relatively lower average pore 
diameter than channel type zeolites which indicate the capability of faujasite 
structures retaining its microporosity (Table 4.4).  As reported by Triantafillidis et 
al. (2000), large average pore diameter is due to the presence of meso- and 
macropore that also contribute to the total pore volume.  The average pore diameter 
takes into account the size of micropore and meso-macropore size that was 
calculated using Equation 3.4.   
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Table 4. 3: The physical properties of channel-type zeolites calculated from nitrogen 
adsorption data. 
Surface area (m2/g) Pore volume (cm3/g) 
Zeolite 
BET Micropore Micropore 
Mesopore 
/Macropore 
Ave. pore 
diameter 
(nm) 
ZSM-5  
Zeolite beta 
Mordenite 
Ferrierite  
428.7 
494.0 
520.4 
290.7 
357.7 
325.7 
461.1 
275.4 
0.145 
0.131 
0.180 
0.106 
0.096 
0.730 
0.064 
0.122 
2.25 
6.97 
3.04 
2.31 
 
 
 
Table 4.4: The physical properties of cage-type zeolite calculated from nitrogen 
adsorption data. 
Surface area (m2/g) Pore volume (cm3/g) 
Zeolite 
BET Micropore Micropore 
Mesopore 
/Macropore 
Ave.  
pore 
diameter 
(nm) 
NaY  
NaX  
Na-SZ18 
5A 
820.0 
567.4 
813.6 
204.4 
809.5 
557.7 
793.8 
187.2 
0.304 
0.214 
0.299 
0.072 
0.024 
0.017 
0.061 
0.103 
1.60 
1.63 
1.78 
3.42 
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In addition, for further comparison, calculation based on faujasite group of 
zeolites was carried out to determine relative crystallinity, unit cell parameter, and 
Si/Al of zeolites.  The XRD data presented in Section 4.2.1 were used to calculate 
relative crystallinity (Equation 3.1), unit cell parameter (Equation 3.2), and Si/Al 
ratio of zeolites (Equation 3.4).  The zeolites was chosen since it possess cubic 
symmetry and could easily be determined by the lattice constant along the a 
direction.  In order to calculate the total intensities of the samples, six peaks at hkl 
positions of 331, 551, 440, 533, 642, and 555 are chosen (ASTM D3906).  The 
peaks intensities are shown in Table 4.2. The total intensities are compared with the 
total intensities of the selected reference sample (NaY is assigned as reference 
sample with relative intensities 100 %).  The results show that relative crystallinity 
of NaX and Na-SZ18 is 88 % and 66 % respectively.  The values give some 
indications of the amount crystallite formation in the sample.  The unit cell 
parameter and Si/Al ratio were calculated using Equations 3.2 and 3.4 respectively.  
The unit cell dimensions decrease upon increase of the Si/Al ratio which is due to 
the bond length of Si-O (0.162 nm) that is shorter than Al-O (0.172 nm), thus leads 
to smaller dimensions of the unit cell (Bae and Seff, 2001).   
 
 
Table 4.5: The physical properties and Si/Al ratio of faujasite type zeolites 
calculated from XRD data. 
Zeolite Rel. crystallinity 
(%) 
Unit cell parameter 
(Ǻ) 
Si/Al ratio 
NaX 
Na-SZ18 
NaY 
88 
66 
100 
25.00 
24.85 
24.67 
1.06 
1.53 
1.60 
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4.3 Adsorption Equilibrium 
 
 
Adsorption of gases on different adsorbents and comparison on the 
adsorption properties are of great importance in the development of adsorption 
process especially in the area of gas separation and purification and adsorptive gas 
storage.  As discussed in Chapter 2, it can be anticipated that several factors affect 
the adsorption of gases particularly on microporous zeolite.  Therefore, using 
methane (CH4) and carbon dioxide (CO2) adsorption as adsorbates, gas adsorption 
measurements were carried out to determine gas adsorption capacity, gas adsorption 
isotherm, and the uptake rate of the adsorbents.   
 
 
 
 
4.3.1 Gas adsorption capacity 
 
 
4.3.1.1 Effect of different types of structures 
 
 
Zeolite frameworks contain pores, channels and cages of different 
dimensions and shapes.  These properties may influence the amount of methane and 
carbon dioxide adsorb on zeolites.  In this study, adsorption capacity of samples at 
137 kPa and 323 K was measured according to procedures described  in Section 
3.5.2.  The amount of the gas adsorbed is the difference between the initial weight 
(solid adsorbent) and final weight (adsorbent + gas adsorbed) that was expressed as 
mol of adsorbed gas per gram of solid adsorbent (mmol/g).  Therefore, using 
different zeolite structures, properties that affect the performance adsorption were 
evaluated.   
 
 
Firstly, comparison was made between channel and cage type zeolite to 
determine the most effective structure for adsorption.  Based on physical and 
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chemical properties of zeolite, factor(s) that influence the adsorption characteristics 
of adsorbates will then be identified.  Nevertheless, other aspects such as properties 
of gases and the gas operating condition that might influence the adsorptive 
characteristic of gases will be discussed in other sections.  The adsorption capacity 
of structurally different zeolites is shown in Figures 4.7 and 4.8.  The amount of 
adsorbed adsorbates increase according to the following order, 
 
CH4:  SZ-18 > NaX > NaY > zeolite A > FER > ZSM-5 > zeolite beta > MOR 
CO2:  SZ-18 > NaY > NaX > zeolite A > FER > ZSM-5 > MOR > zeolite beta 
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Figure 4.7: The methane adsorption capacity on different types of zeolites at 323K 
and 137 kPa. 
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Figure 4.8: The carbon dioxide adsorption capacity on different types of zeolites at 
323K and 137 kPa. 
 
 
Several important findings were observed on the adsorption capacity of 
zeolites.  First, adsorption at 323 K and 137 kPa shows that cage type structures are 
capable to adsorb more gases than channel type zeolites.  Second, in cage type 
structure, synthesized faujasite structure (Na-SZ18) is a better adsorbent than 
commercial samples (NaX and NaY).  The third observation shows that there are 
differences on the sequence of CH4 and CO2 adsorption capacity in which indicate 
that there were no common factors controlling the adsorption of these adsorbates.  
Finally, the amount of CH4 adsorbed is relatively higher than CO2.  Therefore, in the 
following sections, the effect of structural and physicochemical properties of zeolite 
on gas adsorption will be discussed in order to highlight the behavior of CH4 and 
CO2 adsorption on zeolites. 
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4.3.1.2 Effect of pore system  
 
 
Adsorption on a series of materials classified as channel and cage type 
zeolites demonstrates the effect of structural framework on gas adsorption.  As 
presented in Section 4.3.1.1, cage-type structures demonstrate better performance 
than channel-type structure.  High adsorption capacity could be associated with the 
presence of supercages and sodalite cages that encapsulated adsorbates inside the 
structure.  Channel type structures provide the channel itself for the molecules to 
adsorb.  However, according to van Well (1998), ferrierite pore structure not only 
consists of intersecting channel but also cages-like structures with diameter of about 
0.7 nm.  This explains the reason why ferrierite demonstrated better adsorption than 
ZSM-5, beta and mordenite.  It also suggests that the formation of cages contribute 
to high adsorption capacity. 
 
 
In addition, pore network that connected the channels and cages might affect 
the diffusivity of adsorbates.  Any deposition inside the channel can affect the 
diffusivity and adsorptivity of gas molecules.  Adsorption in parallel channel 
(mordenite) is considered faster than the zig-zag channel, however once the channel 
is blocked, the adsorbate could not diffuse further to the adsorption sites.  As for 
ZSM-5, zig-zag channels may encounter some problems at the intersection since any 
deposition could either partially or fully obstruct the diffusion and thus, affect the 
adsorption of adsorbates even though the zeolite has three dimensional pore system 
(Figure 4.9).  At 323 K and 137 kPa, cage structures shows better adsorptive 
characteristic than the channel structures.  At this pressure, more gas molecules can 
enter the cage that results in high adsorption capacity of adsorbates.  This results are 
in agreement with earlier findings reported by Cook (1961), and Breck (1964) that 
cage structures (zeolites A and X) act as storage container for monoatomic 
molecules such as argon and krypton.   
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Figure 4.9: Zeolite pore system of zig-zag, parallel, and three dimensional pore 
network systems. 
 
 
The difference in the amount of CH4 and CO2 on zeolite is also attributed to 
the properties of adsorbates.  However, it is important to note that the study on cage 
structures shows that synthesized faujasite-like zeolite (Na-SZ18) has better 
adsorption capacity than other types of adsorbents.  Hence, by understanding the 
factors that influence the adsorption on the zeolite, selected structures could be 
engineered to obtain a good and an effective adsorbent for specific applications. 
 
 
 
 
4.3.1.3 Effect of pore size  
 
 
As presented in Table 4.1, the pore opening of faujasite structures (cage type 
zeolites) is larger than channel type zeolites.  However, it is also important to note 
that other types of zeolites used in this study have at least two channel systems with 
different pore dimensions that are large enough for adsorbates to diffuse into the 
Parallel pore network 
Cage with three-dimensional  
pore network 
intersection 
Zig-zag channel system 
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pore system (Table 4.1).  The presence of smaller pore dimensions (for example, 
0.26 x 0.57 nm for mordenite) also affects the diffusivity thus the adsorption 
capacity of the adsorbates.  As reported by Bae and Lee (2005), the kinetic diameter 
of the CH4 and CO2 is 3.8 Ǻ and 3.3 Ǻ respectively.  It is expected that the 
molecules can only enter porous network through selected channels.  In addition, the 
presence of zig-zag or sinusoidal channel may also affect the diffusivity of gases in 
ZSM-5.  Moreover, the accessibility is also refused if the pore blockage occurred 
due to the collapse of the lattice structure.  These explained the reasons of low 
adsorption for several types of zeolite.  The effect of zeolite pore size on the 
adsorption capacity of methane and carbon dioxide are shown in Figures 4.10 and 
4.11.   
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Figure 4.10: The amount of methane adsorbed on different zeolites as function of 
pore size. 
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Figure 4.11: The amount of carbon dioxide adsorbed on different zeolites as 
function of pore size. 
 
 
This study shows that faujasite structures have higher adsorption capacity 
than zeolite A and channel type zeolites (ZSM-5, mordenite, ferrierite, and beta).  
Since the pore opening of faujasite structure is twice the size of gas molecules, 
problem due to pore blockage is not significant.  Even if the gas molecules adsorbed 
at the pore opening, other gas molecules can still diffuse through the pore window 
and adsorb onto the inner side of the cage.  In addition, the presence cage structures 
also contribute to higher methane and carbon dioxide adsorptions.  As the pore and 
cage size of zeolite A (0.42 nm and 1.10 nm respectively) are smaller than faujasite 
structures (0.74 nm and 1.30 nm respectively), this explained the reason of lower 
adsorption for zeolite A than other types of cage zeolites.   
 
 
As discussed in previous section, the presence of cages in ferrierite 
contributes to slightly higher adsorption capacity than other zeolites of the same 
group (ZSM-5, beta and mordenite).  As the smallest dimension for ferrierite is 0.48 
x 0.35 nm, it is assumed the molecules can still pass the pore aperture at the right 
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orientation.  In addition, Coker et al. (1998) have reported that zeolite frameworks 
are inherently flexible and readily to change symmetry or undergo distortions in 
response to changes in temperature or adsorbed species.  Silicon and oxygen atoms 
that formed the zeolite framework are thermally in motion and this will allow a 
slightly bigger molecule to pass through the pore opening.  Figure 4.12 shows the 
pore opening of 8 and 10-membered rings that exist in zeolite structural framework.  
CH4 and CO2 molecules could easily diffuse through the pore with 10-membered 
ring or even bigger pore (Barrer, 1982; van Bekkum et al., 1991; Nagy et al., 1998).  
However, for 8-membered ring or less, some molecules (in this case is CO2 
molecules) could only diffuse at certain molecules orientation.  The adsorption at the 
pore opening could hinder other molecules to diffuse and adsorb through the channel 
and cages.   
 
 
 
Figure 4.12: A schematic diagram of methane and carbon dioxide diffuse through 
different zeolite pore openings. 
 
 
 
 
 
10 membered- ring 
8 membered-ring 
12 membered- ring 
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4.3.1.4 Effect of surface area and pore volume  
 
 
Generally, high surface area and pore volume leads to high adsorption 
capacity.  Evidently, this general statement could not be easily applied since at the 
same time other factors may also influence the amount of gas adsorbed on zeolite.  
Even though it is clearly shown that the surface area (~ 800 m2/g) and pore volume 
(0.214 cm3/g) of faujasite structures lead to high adsorption capacity, the adsorption 
of mordenite with relatively high surface area (520 m2/g) and pore volume (0.180 
cm3/g) does not follow the theoretical sequence.  In fact, zeolite A with lower 
surface area (~ 200 cm2/g) and pore volume (0.072 cm3/g) has higher adsorption 
capacity than mordenite.  Similarly, ZSM-5 and zeolite beta did not perform as a 
potential adsorbent for CH4 and CO2.  The relationship between surface area and 
pore volume are shown in Figures 4.13 and 4.14 respectively.   
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Figure 4.13: The amount of methane adsorbed on cage and channel zeolites as a 
function of zeolite surface area. 
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Figure 4.14: The amount of carbon dioxide adsorbed on cage and channel zeolites as 
a function of zeolite surface area. 
 
 
Even though a fundamental understanding on adsorbent indicate that high 
surface area and large pore volume lead to high adsorption capacity, this study 
shows that adsorption of CH4 and CO2 does not exactly follow this general 
assumption on adsorption.  For cage type zeolites, high surface area leads to high 
adsorption capacity which indicates by the confinement effect of zeolites structures 
(Chmelka et al., 1991 and Jameson et al., 1992).  However, channel type zeolite 
does not follow the theoretical sequence, in fact, opposite relationship could be 
observed as methane and carbon dioxide were adsorbed on zeolites. Similar 
relationships are also observed in pore volume-adsorption capacity of methane and 
carbon dioxide (Figures 4.15 and 4.16).  The results suggest that pore diameter have 
more influence on adsorption characteristics of methane and carbon dioxide.  For 
example, inside the narrow channel of ferrierite, the adsorbate cannot pass each 
other, thus the mobility is greatly reduced.  In addition, the presence of zig-zag 
channel in the pore network system of ZSM-5 can also caused blockage that hinder 
the adsorbate to reach the adsorption sites (Barrer, 1982, Wu et al., 1983; Kurama et 
al., 2002; Schuring, 2002).   
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Figure 4.15: The amount of methane adsorbed on cage and channel type zeolites as a 
function of average pore volume. 
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Figure 4.16: Amount of carbon dioxide adsorbed on cage and channel type zeolites 
as a function of zeolite pore volume. 
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As previously mentioned, Chmelka et al. (1991), Jameson et al. (1992) and 
Schuring (2002) have elucidated the presence of confinement effect in various 
zeolite materials.  It is also possible to gain insight into the confinement effect of 
cage structures from the evaluation on fractional surface coverage (Table 4.6).  In 
this study similar effect could be observed, in which surface coverage ratios for CH4 
on cage structures are greater than 1.  Zeolite A has the highest ratio (θR = 2.09), 
followed by NaX (θR = 1.78), Na-SZ18 (θR = 1.47), and NaY (θR = 1.09).  As a 
result of confinement effect, the molecules were highly packed inside the cage 
structures.  On the other hand, the results on channel type zeolites show that the 
adsorbed molecules (CH4) covered only 77 % of ferrierite surface.  Other types of 
zeolites have even lesser values (θRZSM-5 = 0.42, θRbeta = 0.28, and θRmor = 0.27) 
which indicate that only part of the adsorbent surface was covered by the adsorbates.   
 
 
Table 4.6: The fraction of surface coverage for methane (CH4) and carbon dioxide 
(CO2) for different zeolites. 
Fraction of surface coverage, θR 
Zeolite 
CH4 CO2 
Channel: 
ZSM-5  
Beta 
Mordenite 
Ferrierite 
 
0.42 
0.28 
0.27 
0.77 
 
0.09 
0.04 
0.06 
0.25 
Cage: 
NaY  
NaX  
Na-SZ18 
5A 
 
1.09 
1.78 
1.47 
2.09 
 
0.31 
0.36 
0.43 
0.83 
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However, the confinement effects were not evident in the adsorption of CO2 
even though the surface coverage values for cage type zeolites are higher than 
channel type zeolites.  The difference could be attributed to the properties of 
adsorbates, strong interaction between the active site (adsorption site) and 
quadrapole moment of carbon dioxide could possibly result in pore blockage. This 
phenomenon might hinder further diffusion to occur. 
 
 
In general, porosity of zeolites does not directly influence gas adsorption 
characteristics but as mentioned in many literatures, large surface area is preferable, 
since the creation on internal surface area in a limited volume inevitably gives rise to 
large numbers of small sized pores that allow adsorption to take place.  The presence 
of large cavities allows more molecules to be confined inside the cages, thus 
increase the amount of adsorbate adsorbed.  However, there are other factors such as 
pore opening, and structure of the pore wall, the interaction between the surface 
atoms and the diffusing molecules, and the way the channels are connected 
(Schuring, 2002) that also influence the adsorption of methane and carbon dioxide. 
 
 
 
 
4.3.1.5 Effect of crystallinity  
 
 
Besides the pore system, pore size, micropore area, and micropore volume, 
the crystalline phase formation could also play a role in determining the adsorption 
capacity of zeolites.  By comparing the XRD patterns of channel and cage type 
zeolites (Figures 4.1 and 4.2), it is clearly shown that the crystallite formation of 
cage type zeolite is more evident than channel type zeolite.  The presence of 
amorphous phase could be clearly observed by the broad reflection of zeolite beta 
diffractogram.  Even though XRD patterns do not give any indication on the extent 
of pore formation, relative crystallinity might give some indication on structural 
defects that occurred within the structure.  Relatively, the values indicate the extent 
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of destruction on structural framework or part of the structure.  Depending on the 
type of crystal imperfection, the adsorption process might be affected.   
 
 
In the case of zeolite beta, low crystalline phase also contributes to low 
adsorption of CH4 and CO2 since the surface area available is mainly external 
surface area.  However, crystallinity is not the only factor that determines the 
adsorptivity of gas molecules.  Table 4.7 shows that high relative crystallinity does 
not ensure high adsorptive capacity.  It was also found that zeolite with slightly 
lower crystallinity (Na-SZ18) adsorbed more than the other faujasite samples.  It is 
also important to note that surface area were determined based on the adsorption of 
nitrogen at very low temperature (77 K) where condensation might occur.  Since this 
study involves adsorption at higher temperature (323 K), condensation is not 
possible for both adsorbates.   
 
 
Apart from the entrapment inside the cage, structural defects and extra-
framework species also function as additional adsorption sites (Murphy, 1996).  This 
explain the reason why the adsorption capacity of Na-SZ18 higher than NaY.  
However, this result does not conclusively indicate that crystallinity has no influence 
on gas adsorption, but rather shows that other factors are more dominant than 
crystallinity in determining the amount of gas adsorbed on zeolites understudied. 
 
 
Table 4.7: The relative crystallinity and the amount of CH4 and CO2 adsorbed on 
faujasite structures. 
Amount adsorbed (mmol/g) 
Zeolite 
Relative crystallinity 
(%) CH4 CO2 
NaY 
NaX 
Na-SZ18 
100 
90 
76 
10.30 
11.65 
13.76 
3.85 
3.16 
5.35 
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4.3.1.6 Effect of Si/Al ratio  
 
 
As mentioned earlier, Si/Al ratio affect the unit cell parameters since the 
length of Si—O is shorter than Al—O. Thus, the unit cell parameters decreases as 
the ratio increases.  However, since the changes are relatively small, Table 4.8 
shows that adsorption capacity was not affected by Si/Al ratio and unit cell 
parameters.  However, the amount of aluminium in the zeolite framework 
determines the number of charge balancing cation which in turn would probably 
affect gas adsorption characteristics.  Discussion on the effect of cation’s size and 
charge will be discussed in Chapter 5. 
 
 
In general, the structural and physical properties, and zeolite chemical 
composition might influence the adsorptivity of the gases. This phenomenon has 
important implications for the use of zeolites for separation and purification, and 
adsorptive gas storage.  The selection of suitable adsorbent is the determining factor 
for the successfulness of the adsorption process.  Mismatching between the 
adsorbate size and the pore size of adsorbent for example, could result in low 
performance of the adsorption process.   
 
Table 4.8: The Si/Al ratio and unit cell parameter of faujasite structures. 
Amount adsorbed (mmol/g) 
Zeolite Si/Al ratio 
Unit cell 
parameter, ao 
(Ǻ) 
CH4 CO2 
NaX 
Na-SZ18 
NaY 
1.06 
1.53 
1.60 
25.00 
24.85 
24.67 
11.65 
13.76 
10.30 
3.16 
5.35 
3.85 
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4.3.2 Gas adsorption isotherms 
 
 
Adsorption system is usually characterized at equilibrium by the adsorption 
isotherm, a plot of the adsorbed phase concentration against the gas phase 
concentration or partial pressure at equilibrium.  As discussed by Seidel-
Morgenstern (2004), there are several methods capable of measuring adsorption 
isotherms, but the most common method is either gravimetric or volumetric method.  
In this study adsorption isotherms of CH4 and CO2 were determined at 298 K in a 
volumetric apparatus as described in Section 3.5.1.  Samples selected to represent 
the channel type zeolites are ZSM-5, and ferrierite, and for cage type structures are 
NaY, NaX and Na-SZ18.  Contrary to nitrogen adsorption isotherm, the shape of the 
curves is now dependent on type of adsorbates and the adsorbents.   
 
 
The adsorption isotherms of CH4 and CO2 are shown in Figures 4.17 and 
4.18 respectively.  The adsorption isotherms show a linear increase of CH4 
adsorption but an abrupt increase of CO2 adsorption over pressure ranges 
understudy.  Similar phenomena were also reported by Khelifa et al. (1999).  At this 
temperature, CO2 adsorption is markedly greater than CH4 adsorption.  As expected, 
adsorption isotherm of CH4 is far from saturation.   
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Figure 4.17: The methane adsorption isotherms on channel and cage type zeolites at  
298 K. 
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Figure 4.18: The carbon dioxide adsorption isotherms for channel and cage type 
zeolites at 298 K.  
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The adsorption isotherm curves obtained reveal that CO2 has greater affinity 
to adsorb than CH4 even though the kinetic diameter of CH4 (3.8 Å) and CO2 (3.3 Å) 
are comparable and small enough to pass through the pore opening of zeolites.  The 
adsorption isotherms show that CO2 adsorbs at least 10 times greater than CH4.  The 
specific interaction of quadrapole of CO2 molecule with electric field created by 
cation is likely the reason for higher adsorption of CO2.  These results also suggest 
that non-polar molecules such as CH4 have low adsorption affinity towards zeolites.  
These results are in accordance with previous observation by Hernández-Huesca et 
al. (1999) and Maurin et al. (2005c) in which high adsorption is probably due to the 
specific interaction of the quadrapole of CO2 molecules with zeolite structure.   
 
 
The adsorption isotherms of CH4 reveal interesting phenomena in which 
channel type zeolite adsorbed more than cage type zeolites.  However this could be 
due to the diffusivity of CH4 molecules through the pore of zeolites.  Since the 
average pore diameter of channel type zeolites are relatively larger than the cage 
type zeolites, as non-polar molecules, CH4 are more easily diffused through the 
larger pore network system.  However, this circumstance is not applicable for CO2 
since it has the quadrapole moment that specifically determine at which site it would 
be attached to.  Moreover, rapid increase also indicates that there are strong 
interactions between the adsorbate and the adsorbents.   
 
 
It has been realized that the presence of sodium cations could improve the 
surface properties of zeolites since the ratio of Si/Al for cage type zeolites is much 
lower than channel type zeolites.  As mentioned earlier, Si/Al for NaY and Na-SZ18 
is 1.60 and 1.53 respectively.  Hence, in every unit of NaY structural framework, 
there are 16 silicon atoms (Si) and 10 aluminium atoms (Al) arranged together to 
form AlO4-  or SiO4 tetrahedra.  Sodium ions or other cations are required to balance 
the negative charge in the framework and at the same time produce strong 
electrostatic field within the structural that could specifically interact with the 
adsorbates such as CO2.   
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In order to elucidate further the adsorption characterictics of gas adsorption 
on zeolite, the experimental adsorption isotherm data were fitted into several well-
known adsorption model equations.  Parameters of the equation model were 
estimated using methods described in Section 3.6.  The adsorption isotherm data 
involve the volume of methane and carbon dioxide adsorbed at standard temperature 
and pressure (STP).  As discussed in Chapter 2, Henry, Langmuir, Freundlich and 
Dubinin-Polanyi equations have long been used to describe the adsorption of gas on 
adsorbent mostly on activated carbon and to lesser extent on zeolite.  In this study, 
the applicability of the model equations was examined for the adsorption of methane 
and carbon dioxide at room temperature.  Figures 4.19(a) and (b) show that the 
methane adsorption data fits very well with Henry’s equation indicates that 
adsorption occurs in a dilute form. The Freundlich equation, further verifies this 
condition (dilute form) where α values are close to unity and the equation reduces to 
a linear equation (Henry’s type of equation). Similar trend was also observed by 
Maurin et al. (2005b). 
  
 
However, Henry’s equation could only be applied at extremely low 
concentration of CO2, in which occurs at very low adsorption pressure.  Hence, as 
the pressure increases up to 1 bar, CO2 adsorption could be better described either by 
Langmuir or Freundlich models (Figures 4.20 and 4.21).  According to Yang (1997), 
Langmuir equation is clearly a model for localized adsorption.  However, even when 
the adsorbed molecules are mobile, the isotherm could be determined by the above 
equation.  The Langmuir parameters of CO2 adsorption on NaX is in accordance 
with reported values (Ahn et al., 2004).  So, Langmuir equation could be used as a 
correlating equation even when the above assumptions are not completely fulfilled.  
Furthermore, using Langmuir model, it is possible to determine and to compare the 
maximum loading of gases on selected zeolite based on the assumption that 
monolayer adsorption occurred.  Using this model, the maximum adsorption, qm and 
B, Langmuir constant could be determined.  The constant is temperature dependence 
and its value decreases rapidly with increasing temperature (Yang, 1997).  The 
values obtained are in close agreement with Freundlich and Langmuir parameters for 
methane and carbon dioxide adsorption on zeolite reported by Choudhary and 
Mayadevi (1996).  
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(b) 
Figure 4.19: The adsorption isotherm of methane fitted into Henry and Freundlich 
equations: (a) ZSM-5 and (b) NaX. 
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(b) 
Figure 4.20: The adsorption isotherm of carbon dioxide fitted into Freundlich and 
Dubinin equations: (a) ZSM-5 and (b) NaX. 
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(b) 
Figure 4.21: The adsorption isotherm of carbon dioxide fitted into Langmuir 
equation: (a) ZSM-5 and (b) NaX. 
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In describing gas adsorption, Polanyi viewed the process as a gradual 
concentration of gas molecules toward the solid surface according to potential 
theory, resembling the atmosphere of a planet (Yang, 1997).  As reported by Sievers 
and Mersmann (1994) characteristic curves would be useful to extrapolate any 
equilibrium from one reference state.  The characteristics curves should be 
independent of temperature.  However, since the adsorption of methane involves a 
very dilute concentration, Dubinin-Polanyi equation only best fitted into carbon 
dioxide adsorption data (Figure 4.20) and at lesser extent to methane adsorption 
data.  Conversely, the model constants (C and D) could be used to obtain a 
characteristic curve describing carbon dioxide adsorption.  The results also show 
that for each adsorbate, the constants are limited to a rather narrow range of values, 
thus agree with the Dubinin’s characteristic curves given by Yang (1997) and 
Choudhary and Mayadevi (1996).  The estimated values of the model constants of 
the best fitting adsorption isotherm for CH4 and CO2 are presented in Tables 4.9 and 
4.10. The values are found to be in accordance to results reported by Triebe et al. 
(1996) on channel type. 
 
 
Table 4.9: The model constants calculated from the fitting of CH4 adsorption 
isotherm data of different zeolites. 
 
 
Henry’s Freundlich Dubinin-Polanyi 
Zeolite 
k K 1/n C D 
Channel: 
ZSM-5 
Ferrierite 
 
13.96 
16.95 
 
14.78 
19.37 
 
0.92 
0.81 
 
2.25 
2.53 
 
0.25 
0.20 
Cage: 
NaY 
NaX 
Na-SZ18 
 
8.48 
7.10 
7.44 
 
8.59 
7.19 
7.50 
 
1.03 
0.99 
1.00 
 
1.47 
1.65 
1.52 
 
0.26 
0.28 
0.27 
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Table 4.10: The model constants calculated from the fitting of CO2 adsorption 
isotherm data for different zeolites. 
 
 
In many cases, equilibrium data are very useful and a reliable correlation to 
be used to interpolate or extrapolate data to a pressure or temperature not measured.  
The coefficients obtained show that zeolite of different structural properties have 
different adsorptive characteristics.  Close agreement between the experimental and 
Langmuir isotherms for the faujasite group of zeolites were also reported by Khelifa 
et al. (1999).  The structural regularity of lattices and the existence of well defined 
cavities of faujasite group of zeolites could be the reason of good correlation with 
the model equations.   
 
 
It has been realized that several mismatches between the experimental data 
and other model equations are likely due to assumptions associated with the model 
in which uniform particle sizes and spherical shape of all macro and micro particles, 
whereas in actual cases the size of particles are not uniform and not all in spherical 
shapes.  Generally, smaller particles have faster adsorption than larger particles and 
the particles are actually having different geometries in nature.  It is always assumed 
that the adsorbent has constant porosity and void volume.  However, during 
adsorption processes, with increase of gas loading, the porosity and void volume of 
the system might change due to adsorption swelling and adding of adsorbed gases.  
Freundlich Langmuir Dubinin- Polanyi 
Zeolite 
 1/n K B qm C D 
Channel: 
ZSM-5 
Ferrierite 
 
0.51 
0.49 
 
40.85 
37.71 
 
6.95 
9.45 
 
120.79 
31.28 
 
3.49 
3.38 
 
0.14 
0.12 
Cage: 
NaY 
NaX 
Na-SZ18 
 
0.49 
0.49 
0.38 
 
123.96 
92.76 
115.58 
 
6.16 
7.43 
10.60 
 
120.79 
84.76 
108.78 
 
4.61 
4.28 
4.59 
 
0.14 
0.12 
0.11 
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These factors explained the reason why the experimental data produced several 
percent of errors (Appendix D3).   
 
 
 
 
4.3.3 Heat of adsorption 
 
 
As discussed in Chapter 2, heat of adsorption could be determined using 
Equation 2.16.  As described in Section 3.5.3, ΔH was obtained from the slope and 
ΔS from the intercept of the plot of ln 1/VN versus 1/T provided that the range of T is 
narrow enough for ΔH and ΔS to be regarded as temperature independent (Inel et al., 
2002).  Depending on the experimental method and type of adsorbent used, the 
enthalpy change (ΔH) of methane and carbon dioxide varies in the range of 20 – 26 
kJ/mol (Sun, 1997; Yoshida et al., 2000; Mugge et al., 2001; Yang et al., 2001).  
However, Maurin et al. (2005b) also have reported that ΔH of CH4 and CO2 on 
siliceous faujasite is 14 kJ/mol and 16 kJ/mol respectively.  
 
 
The study also shows that cage type zeolite where the adsorption occurs 
mainly within the cage has higher heat of adsorption than channel zeolites (Table 
4.11).  It agrees with Derouane et al. (1987) that heat of adsorption in zeolite cavity 
were enhanced by the increased contact between sorbed molecules and a wall with 
high curvature.  Thus, the confinement effect could also be the reason for higher ΔH 
values for methane adsorption on cage type zeolite.  This phenomenon also indicates 
that intermolecular interactions exist between sorbed molecules.  Adsorption in 
wider channel or in large cage not only leads to a smaller gain in enthalpy but also to 
a smaller loss of entropy (Eder and Lercher, 1997).  The ΔS values obtained indicate 
that the degree of ramdomness of adsorbed molecules inside the zeolite channels or 
cages are almost the same.   
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Table 4.11: The enthalpy and entropy change in the adsorption of methane and 
carbon dioxide. 
Methane (CH4) Carbon dioxide (CO2)  
Zeolite ΔH (kJ/mol) ΔS (J/mol.K) ΔH (kJ/mol) ΔS (J/mol.K) 
Channel: 
ZSM-5 
Ferrierite 
 
12.43 
10.01 
 
44.10 
57.71 
 
13.2 
 9.70 
 
57.50 
69.32 
Cage: 
NaY 
Na-SZ18 
 
23.89 
13.38 
 
29.39 
58.32 
 
16.9 
 6.01 
 
58.87 
95.20 
 
 
The results also indicate that the present of cage structures give advantages to 
non-polar molecules since it might not experience any blockage due to strongly 
bonded molecule at any particular site.  The calculated values (ΔH) suggest that the 
adsorption is mainly physical type of adsorption (physisorption). Lower values also 
indicate that chemical bond hardly exists between the adsorbate and the adsorbent.   
However, the heats of adsorption obtained in this study are generally lower than the 
reported values.  This could be due to the surface coverage of the zeolite  in which 
the value would decrease as the surface coverage increases(Exter et al., 1997; Savitz 
et al., 2000; Yang et al., 2001; Maurin et al., 2005a).   
 
 
Results presented in Section 4.3.1.4 showed that the surface coverage for 
ferrierite is higher than ZSM-5.  Similarly, the surface coverage of Na-SZ18 is also 
higher than NaY.  Thus, it explains the reason for lower heat of adsorption of 
ferrierite and Na-SZ18 than ZSM-5 and NaY respectively.  The heat of adsorption of 
carbon dioxide also supports the fact that the amount of carbon dioxide adsorbed is 
lower than methane at temperature 323 K.  This is due to the properties of carbon 
dioxide itself, in which the molecules exist as supercritical component at 
temperature above 304 K (critical temperature).  Comparatively, these findings 
suggest that at supercritical conditions, the adsorption of methane is higher than 
carbon dioxide.  As reported in the literatures, the adsorption of carbon dioxide 
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would be higher at temperature below critical temperature (Hernandez-Huesca et al., 
1999; Khelifa et al., 1999; Armenta et al., 2001).  
 
 
 
 
4.4 Gas Adsorption Kinetics 
 
 
 Adsorption kinetics of any adsorbate depends on factors such as adsorbent 
structural arrangement, physical and chemical properties, adsorbate physical and 
chemical properties, and the operating conditions involves,which is important in the 
design of industrial adsorption process.  Generally, adsorption process involves 
adsorbate which diffusing from the bulk fluid phase to external surface of the 
particle, diffusing into macro-micropore filling, and adsorbate interaction with the 
surface of the solid particles.  So far, several studies have been carried out using 
silicalite as an adsorbent (Wu et al., 1983; Choudhary and Mayadevi, 1996; Krishna 
et al., 1999; Song and Rees, 2000; Chong et al., 2005).  However, there are still few 
studies on kinetics of adsorption for adsorbates such as CH4 and CO2 on zeolites 
beta, ferrierite, mordenite, NaX, or NaY.  In this section, gas uptake data will be 
used to determine diffusional constant, initial adsorption rate, and equilibrium time 
of CH4 and CO2.  Diffusion characteristics of different pore network system were 
determined based on the properties of adsorbate and adsorbent.  These results would 
provide an insight on gas adsorption activities of CH4 and CO2 in zeolite structural 
framework. 
 
 
 
 
4.4.1 Gas adsorption uptake curve 
 
 
In this study, CH4 and CO2 exhibit different behavior of gas uptake as a 
function of time.  Adsorption of CH4 on zeolite involves unspecific interactions 
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between the solid surface and the adsorbate.  The only relationship exist is between 
the pore window of zeolite and the molecular dimension of adsorbates.  Figures 4.22 
and 4.23 show the uptake curves of CH4 on channel and cage type zeolites.  In the 
adsorption of CH4 on cage type zeolites, gradual increase was observed with almost 
linear relationship.  Similar phenomenon for ferrierite also suggests the existence of 
cage-like structure in ferrierite structural framework.  Yang et al. (2001) reported 
that the interaction between CH4 and the wall of zeolite structure is not based on the 
acid sites but more likely due to the confinement effect.  However, adsorption of 
CO2 shows slightly different pattern, in which convex curves were observed for both 
channel and cage groups of zeolites (Figures 4.24 and 4.25).   
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Figure 4.22: The methane fractional uptake curves of channel type structures at  
323 K and 137 kPa.  
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Figure 4.23: The methane fractional uptake curve of cage type structures at 323 K 
and 137 kPa. 
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Figure 4.24: The carbon dioxide fractional uptake curves of channel type structures 
at 323 K and 137 kPa. 
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Figure 4.25: The carbon dioxide fractional uptake curves of cage type structures at 
323 K and 137 kPa. 
 
 
At a very early stage, the adsorption rate is relatively slow, then it adsorbed 
at high rate until it reached a point where the adsorption slowly increased until it 
reached the plateau.  This corresponds to the adsorption on the strongest sites by 
quadrapole moment of CO2 and later followed by the adsorption on the outer layer.  
Hence, the fractional uptake curves give some indication that adsorption 
characteristics were influenced by structural framework and properties of 
adsorbates.  In order to elucidate further, diffusional constant, initial rate of 
adsorption, and equilibrium time were determined from the gas uptake data.  The 
initial uptake rate and equilibrium time physically describes the adsorption 
phenomena of the adsorption. 
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4.4.2 Initial adsorption rate 
 
 
In this study, initial adsorption rate of gases was determined from the 
experimental data points in order to observe how the molecules act initially toward 
the microporous materials of different structural framework with different physical 
and chemical properties.  Table 4.12 shows that at initial stage, adsorption rate for 
cage type zeolite is higher than channel type zeolites for both gases.  Again, for 
channel group of zeolite, ferrierite could adsorb faster than ZSM-5 and mordenite. 
As discussed in Section 4.3.1.1, the presence of cage-like structure in ferrierite could 
be the reason for higher adsorption capacity than other channel type zeolites. 
However, as comparisons are made on cage type structures, it is found that the initial 
adsorption rate of Na-SZ18 is higher than NaY and NaX for both adsorbates.  Since 
the surface area and crystallinity could not be the reasons for high adsorption rate, 
then it could probably due to the presence of adsorption sites on zeolite surface.   
 
 
Table 4.12: The initial adsorption rate of methane and carbon dioxide on different 
types of zeolites. 
Initial adsorption rate  
(mol/sec) x 106 
Adsorption capacity (qe) 
(mol/g) x 103 Sample 
CH4 CO2 CH4 CO2 
Cage: 
NaY 
NaX 
SZ-18 
 
3.45 
1.54 
3.57 
 
3.00 
2.91 
3.53 
 
10.30 
11.65 
13.76 
 
3.85 
3.16 
5.35 
Channel: 
ZSM-5 
Ferrierite 
Mordenite 
 
0.75 
0.99 
0.76 
 
0.85 
1.33 
0.62 
 
2.06 
2.59 
1.60 
 
0.59 
1.11 
0.48 
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Apart from the cation sites, any defects could act as adsorption sites. This 
could be explained from lower crystallinity of Na-SZ18 than NaY and NaX. Thus, 
the results show that high adsorption rate does not result in high adsorption capacity 
since there are factors that significantly affect the adsorption characteristics of cage 
and channel type zeolites.  In addition, the properties of adsorption could also affect 
the adsorption characteristics of zeolite adsorbents. When the size of an adsorbate 
molecule is close to the size of the micropore, the penetration of the molecules into 
the micropore becomes restricted and the rate of transport might have significant 
effect on the overall adsorption rate (Bae and Lee, 2005).   
 
 
In general, large diffusion resistance and a long pathway could affect the 
uptake rate of gases.  Further investigation on the relationnship between initial 
adsorption rate  and the physical properties of zeolites shows that for non-polar 
molecules (CH4), surface area and pore volume might influence the initial 
adsorption rates of zeolites (Figures 4.26  and 4.27).  Generally, higher surface area 
and pore volume lead to high high adsorption rate.  This is especially true for cage 
type zeolites since the adsorbates could easily diffuse into the inner part of the cage 
and adsorb on the zeolite surface.   
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(b) 
Figure 4.26: The effect of surface area on initial adsorption rate of channel and cage 
type zeolites: (a) methane and (b) carbon dioxide. 
 
  
147 
 
 
 
0.00
1.00
2.00
3.00
4.00
0.20 0.25 0.30 0.35 0.40
Pore volume (cm3/g)
In
it
ia
l 
ad
so
rp
ti
o
n
 r
at
e 
(m
o
l/
s)
 x
 1
0
6
cage
channel
 
(a) 
 
0
1
2
3
4
0.2 0.25 0.3 0.35 0.4
Pore volume (cm3/g)
In
it
ia
l 
ad
so
rp
ti
o
n
 r
at
e 
(m
o
l/
s)
 x
 1
0
6
cage
channel
 
(b) 
Figure 4.27: The effect of pore volume on initial adsorption rate of channel and cage 
type zeolites: (a) methane and (b) carbon dioxide. 
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However, for molecule such as CO2, a combination between the surface 
properties and the physical properties of the zeolites might influence the initial 
adsorption rate.  This study reveals that the relationship between physical properties 
and initial adsorption rates of carbon dioxide is oppposite to methane adsorption.  
Since CO2 molecules are having quadrapole moment, we could assume that specific 
interaction between the adsorbate and the wall of adsorbent might dominate the 
initial adsorption rate of CO2, and hence the adsorption characteristics in zeolite.  If 
the molecules get into contact with any active specific site, the adsorption might 
occur.  As reported by Choudhary and Mayadevi (1996), the specific interactions 
could occur particularly between the adsorbates (CO2) and the metal balancing 
cation, in this case the cation is Na+.   
 
 
The relationship between the average pore diameter of zeolites and the initial 
adsorption rate are shown in Figures 4.28 (a) and (b). Generally, smaller pore 
diameter would increase the adsorption rate since the interactions between adsorbate 
and zeolite adsorbent are more frequent in small pore channel.  In addition, the 
molecular structure might affect the diffusivity of adsorbate to pass through a pore 
opening.  The slower adsorption of CH4 compares with CO2 might be due to 
structural orientationof the molecules in which CH4 is tetrahedral but CO2 is linear  
(Bae and Lee, 2005).  Thus, in this case, the molecular structure also contributes in 
determining the adsorption rate of methane and carbon dioxide. 
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(b) 
Figure 4.28: The effect of average pore diameter of channel and cage type zeolites 
on initial adsorption rate of: (a) methane and (b) carbon dioxide. 
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4.4.3 Adsorption equilbrium time 
 
 
Adsorption equilibrium time is also crucial because it will determine the 
efficiency of the adsorption process.  There are also several factors determined the 
time taken for the adsoprtion to reach equilibrium.  In general, CO2 adsorption takes 
shorter time to reach equilibrium than CH4 adsorption.  It supports the fact that there 
are some interactions between sodium cations and CO2 molecules.  Taking faujasite 
structure as examples, it is commonly known that Si/Al ratio of NaX is > 1 but < 
1.5, the ratio of Na-SZ18 is 1.53 and followed by NaY (Si/Al = 1.60).  Lower ratio 
indicates more sodium (Na) present as charge balancing cation.   
 
 
This study shows that as surface area and pore volume increases, the time 
taken for CO2 to reach equilibrium also increases.  It is assumed that for larger 
surface area and bigger pore volume, the adsorbates ‘jump’ from one site to another 
before it adsorbed on the surface.  However, opposite relationships are observed in 
which the time taken to reach equilibrium increases as the surface area decreases. 
Since the pores might experience some defects, it might affect the overall adsorption 
process.  Larger pore size indicates the presence of defect on the zeolites.  Thus, it 
explained reason for longer adsorption equilibrium time for zeolites with larger 
average pore diameter.  Except for ferrierite, channel type structure reach 
equilibrium less than 35 minutes, shorter time with low adsorption capacity (Table 
4.13).   
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Table 4.13: The adsorption equilibrium time and adsorption capacity of methane 
(CH4) and carbon dioxide (CO2) on different zeolites. 
Equilibrium time 
(min) 
Adsorption capacity x 103 
(mol/g)  Sample 
CH4 CO2 CH4 CO2 
Cage: 
NaY 
NaX 
Na-SZ18 
 
84 
263 
125 
 
81 
49 
56 
 
10.30 
11.65 
13.76 
 
3.85 
3.16 
5.35 
Channel: 
ZSM-5 
Ferrierite 
Mordenite 
 
21 
64 
15 
 
34 
13 
18 
 
2.06 
2.59 
1.60 
 
0.59 
1.11 
0.48 
 
 
Since the adsorption equilibrium time of NaX is shorter than NaY and Na-
SZ18, it suggests that charge balancing cation has greater influence on zeolite 
adsorbent especially for adsorbate that potentially interacts with the surface due to 
the presence of quadrapole moment of the molecules.  As the effect of physical 
properties was investigated, it is also found that at certain extent, physical properties 
influence the adsorption equilibrium time of CH4 and CO2 (Figures 4.29, 4.30, and 
4.31).  Even though adsorption capacity is among the main criteria for selection of 
adsorbent, adsorption equilibrium time is also important since it is not economically 
feasible if longer time is required for adsorption to complete.  Diffusion study and 
the adsorption rate provide some insight on the gas adsorption phenomena on 
different types of zeolites using two different adsorbates (CH4 and CO2).  Schuring 
et al.  (2000) supported the fact that diffusion and adsorption in zeolites greatly 
depends on structures of the pore network system and adsorbates.  The large 
interactions between molecules and zeolite lattice also results in molecules strongly 
adsorbed inside the channels. 
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(b) 
Figure 4.29: The effect of surface area of channel and cage type zeolites on 
adsorption equilibrium time: (a) methane and (b) carbon dioxide. 
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(b) 
Figure 4.30: The effect of pore volume of channel and cage type zeolites on 
adsorption equilibrium time: (a) methane and (b) carbon dioxide. 
 
  
154 
 
0
50
100
150
200
250
300
0 1 2 3 4 5
Average pore diameter (nm)
E
q
u
il
ib
ri
u
m
 t
im
e 
(m
in
)
cage
channel
 
(a) 
 
 
0
10
20
30
40
50
60
70
80
90
0 1 2 3 4 5
Average pore diameter (nm)
E
q
u
il
ib
ri
u
m
 t
im
e 
(m
in
)
cage
channel
 
(b) 
Figure 4.31: The effect of average pore diameter of channel and cage type on 
adsorption equilibrium time of (a) methane and (b) carbon dioxide. 
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4.4.4 Gas diffusivity 
 
 
In general, diffusions in porous solid are governed by the structural and 
physical properties of adsorbent and adsorbate (Mugge et al., 2001; Ruthven, 2004; 
Delgado et al., 2004).  According to Geankoplis (1993), diffusion in porous solid 
and capillaries can be either Fick’s diffusion (molecular diffusion) or Knudsen 
diffusion.  For large pore diameters (macropores), molecular diffusion involves 
frequent collision between the molecules.  As the size of the pore decreases, the 
number of collision with the wall increases.  In some cases, the pore size (d) is 
smaller than the mean free path (λ).  Thus, Knudsen diffusion takes place and the 
mobility now depends on the dimension of the pore (Schuring et al., 2002).   
 
 
 
 
4.4.4.1 Bulk phase gas diffusivity 
 
 
In any process, mass transfer occurs when there is a driving force (e.g. 
concentration gradient) exists between two points.  The mass transfer process could 
be either controlled by the molecular diffusion or bulk diffusion (convective 
process).  The molecular diffusion (Fick’s diffusion) involves the diffusion of 
adsorbate molecules from the bulk gas phase to external zeolite surface, which is 
generally controlled by molecular collisions.  The diffusion through large pore size 
(intra-particle diffusion) could also be considered to be molecular diffusion.  
Molecular diffusivity in bulk gas phase may be estimated by Chapman-Enskog 
equation (Suzuki, 1990; Geankoplis, 1993); 
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where Dm is the diffusivity (m2/s), T is the temperature in K, MA and MB are 
molecular weight of the molecules, and P is the absolute pressure in atm. The term 
σAB  is the average collision diameter and ΩD,AB is the collision integral based on the 
Lennard-Jones potentials (Geankoplis, 1993).  Using Equation 4.1, it is found that 
the diffusivity of methane and carbon dioxide is 4.87 x 10-5 and 2.40 x 10-5  m2/s 
respectively.  It is the diffusion of adsorbate from the bulk phase to the external 
surface of zeolite.   
 
 
 
 
4.4.4.2 Internal zeolite pore diffusivity 
 
 
Inside the microporous adsorbent, as the adsorbed molecules are mobile on 
the surface of the adsorbent, diffusion due to migration of the adsorbed molecules 
may have greater influence than the bulk diffusion.  This type of diffusion is called 
surface diffusion.  As the size of an adsorbate molecule is close to the size of the 
micropore, diffusion of the adsorbate molecule becomes restricted and the rate of 
transport in the micropore may have a significant effect on the overall adsorption 
rate.  This type of micropore diffusion is an activated process which depends heavily 
on adsorbate properties.  Diffusion in molecular sieve materials is often of this type.  
Diffusion in this case is accompanied by relatively large activation energy and can 
be correlated by assuming that the driving force of diffusion is the chemical 
potential gradient (Suzuki, 1990).   
 
 
Therefore, depending on Knudsen number (NKn), the ratio of molecule mean 
free path (λ) and the pore diameter (d), it is possible to determine the type of 
diffusion occurred inside the zeolite pores by using the following criteria 
(Geankoplis, 1993): 
 
    λ/d  ≥ 10  Knudsen diffusion; 
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    λ/d ≤ 0.01  Fickian (molecular) diffusion; 
 0.01 <  λ/d < 10 Transition. 
 
The mean free path or average distance between collisions for an adsorbate molecule 
may be estimated from kinetic theory.  The mean free path could then be taken as 
the length of the path divided by the number of collisions.  The resulting mean free 
path is 
V
nr
2)2(2
1
!
" =      (4.2)  
 
where nV is number of molecules per unit volume and r is the radius of the adsorbate 
molecule.  Since nV can be determined from Avogadro's number (NA) and the ideal 
gas law, leading to 
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and when substituted into Equation 4.2, we will obtain Equation 4.4. 
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where R is the universal gas constant, NA is the Avogadro number, and 2r is gas 
molecule diameter.  Hence, using Equation 4.4, it is found that the mean free path 
for CH4 (λCH4) and CO2 (λCO2) is 5.08 x 10-8 m and 6.70 x 10-8 m respectively.  It 
was found that the diffusion inside different types of zeolite pores is either Knudsen 
diffusion or transition between molecular diffusion and Knudsen diffusion (Table 
4.14).  Except for zeolite beta, the diffusion inside the pore network systems is 
Knudsen diffusion.  The mobility of adsorbate is restricted by the size of the pores.  
However, more collisions allow interaction with the surface and hence, more 
possible interaction and adsorption occurs inside the zeolite pore.   
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Table 4.14: The Knudsen number (NKn) and type of diffusion in zeolite pore systems 
based on average channel diameter. 
Methane (CH4) Carbon dioxide (CO2) 
Zeolite 
λ/ 2r Types of diffusion λ/ 2r Types of diffusion 
Channel: 
ZSM-5 
Beta 
Mordenite 
Ferrierite 
 
22.5 
7.3 
16.7 
22.0 
 
Knudsen 
Transition 
Knudsen 
Knudsen 
 
29.9 
9.6 
22.1 
29.1 
 
Knudsen 
Transition 
Knudsen 
Knudsen 
Cage: 
NaY 
NaX 
Na-SZ18 
 
31.7 
31.1 
28.5 
 
Knudsen 
Knudsen 
Knudsen 
 
42.1 
41.3 
37.8 
 
Knudsen 
Knudsen 
Knudsen 
 
 
The results also show that cage-type zeolites are also categorized into the 
Knudsen diffusion region having lower Knudsen number than the channel-type 
zeolites.  Therefore, the collision between the adsorbate molecules and the wall of 
zeolite is less, but the presence of supercage allows more entrapment of gases that 
leads to high adsorption capacity of faujasite type zeolites (NaX, NaY and NaSZ-
18).  In addition, intercage hopping is unlikely to occur because it is also a slow 
process involving high activation barrier (Barzykin et al., 2001).  The Knudsen 
diffusivity was estimated using Equation 4.5 and values for CH4 and CO2 are shown 
in Table 4.15. 
 
M
T
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K
)2/(9700=      (4.5) 
 
where d/2 is the pore radius in cm, T is the temperature in K, M is the molecular 
weight of the gas and DK is the Knudsen diffusivity (cm2/s).  Basically, diffusivity 
(Knudsen) is depending on the pore diameter, molecular weight of adsorbate and 
temperature.  For the same molecule, the diffusivity is influenced by the pore 
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diameter of the adsorbent.  This is clearly shown in Table 4.15 that the diffusivities 
of channel type zeolite are subsequently larger than cage type zeolites.   
 
 
This is due to bigger average pore diameter of channel type zeolites 
calculated from the adsorption data of nitrogen measured at 77 K.  In addition, 
diffusion in zeolite beta is affected by structural disorder of the framework that 
results in formation of mesopores and macropores.  However, when determining 
types of diffusion occurred specifically inside the pore network of zeolites, Post 
(1991), Xiao and Wei (2001), and Schuring et al. (2002) classified diffusion either 
Knudsen diffusion or configurational diffusion depending on the size of the pores 
and the gas molecules (Figure 4.32).  According to Xiao and Wei (2001), 
configurational regime takes place when the ratio of molecular diameter (2r) to 
channel diameter (d) is greater than 0.8.   
 
 
Table 4.15: The Knudsen diffusivity of methane and carbon dioxide inside the 
zeolite pores. 
Knudsen diffusivity, DK x 107 (m2/s) 
Zeolite 
Methane (CH4) Carbon dioxide (CO2) 
Channel: 
ZSM-5 
Mordenite 
Ferrierite 
 
 9.81 
13.25 
10.07 
 
5.91 
7.98 
6.07 
Cage: 
NaY 
NaX 
Na-SZ18 
 
6.97 
 7.10 
 7.76 
 
4.20 
4.28 
4.67 
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Figure 4.32: Effect of pore size on diffusivity (Post, 1991). 
 
 
Therefore, based on the pore diameter presented in Table 4.1, it can be 
assumed that the configurational diffusion start to take place in several zeolite 
structures (Table 4.16).  However, it is also important to realize that the structural 
frameworks of zeolites used in this study are in not in their perfect form.  This is 
clearly shown in Tables 4.4 and 4.5 in which the average pore diameters (dave) are 
much greater than the pore diameters (d) reported in literatures (Barrer, 1982; 
Szostak, 1992; Nagy et al., 1998).  Using pore diameters reported in the literatures, 
it is found that the configurational regime only exist in zeolites when CH4 molecules 
diffuse inside ZSM-5, beta and ferrierite structures, and CO2 molecules diffuse 
inside ZSM-5 and ferrierite structures (Tables 4.16 and  4.17).   
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Table 4.16: The diffusional characteristics of methane for different zeolite 
structures. 
Zeolite 
d 
(nm) 
2r/d 
Type of 
diffusion 
dave 
(nm) 
2r/d 
Type of 
diffusion 
Channel: 
ZSM-5 
Mordenite 
Ferrierite 
 
0.52 
0.65 
0.35 
 
0.73 
0.58 
1.08 
 
Configurational 
Knudsen 
Configurational 
 
2.25 
3.04 
2.31 
 
0.17 
0.12 
0.16 
 
Knudsen 
Knudsen 
Knudsen 
Cage: 
NaY 
NaX 
Na-SZ18 
 
 
0.72 
 
 
 
0.53 
 
 
Knudsen 
 
 
1.60 
1.63 
1.78 
 
0.24 
0.23 
0.21 
 
Knudsen 
Knudsen 
Knudsen 
 
 
 
Table 4.17: The diffusional characteristics of carbon dioxide for different zeolite 
structures. 
Zeolite 
d 
(nm) 
2r/d 
Type of 
diffusion 
dave 
(nm) 
2r/d 
Type of 
diffusion 
Channel: 
ZSM-5 
Mordenite 
Ferrierite 
 
0.52 
0.65 
0.35 
 
0.63 
0.51 
0.94 
 
Configurational 
Knudsen 
Configurational 
 
2.25 
3.04 
2.31 
 
0.15 
0.11 
0.14 
 
Knudsen 
Knudsen 
Knudsen 
Cage: 
NaY 
NaX 
Na-SZ18 
 
 
0.72 
 
 
0.46 
 
 
Knudsen 
 
 
1.60 
1.63 
1.78 
 
0.20 
0.20 
0.18 
 
Knudsen 
Knudsen 
Knudsen 
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In actual cases where meso or macropores are also formed due to structural 
imperfection, average pore diameter should be used to determine the type of 
diffusion in zeolite structures.  Therefore, it is found that Knudsen regime would be 
more dominant than configurational regime since the average pore diameters are 
considerably larger than pore diameter of perfect structure.  Thus, one could assume 
that Knudsen diffusion occurrs inside zeolite structures even though configurational 
regime might also exist.  Hence, our study on diffusion inside zeolite pore structure 
indicates that diffusion of adsorbates strongly depend on structural framework, pore 
size, and type and molecular size of the diffusing molecules.  The extents of 
interaction between adsorbates and adsorbent affect the mobility and finally, the 
amount adsorbs onto the zeolite surface. 
 
 
 
 
4.4.4.3 Diffusional time constant 
 
 
According to Yang (1997), adsorption of gases by commercial zeolite pellets 
occurs almost entirely within the zeolite crystals. Based on the data obtained from 
fractional uptake curve and the assumption that adsorption occurred on isothermal 
single-component and controlled by micropore diffusion, the diffusional time 
constant could be determined.  For a single spherical zeolite crystal of radius r, the 
total amount of diffusing substance entering or leaving the sphere is given by 
Equation 2.24.  However, for small value of t, the equation reduces to the simple 
root – t law (Equation 2.28) in which fractional uptake is proportional to t1/2.  For 
large value of t, the diffusional time constant (D/r2) could be calculated by plotting 
the fractional uptake (γ) versus t (Table 4.18).  The diffusional time constant 
obtained are in accordance with the reported values, vary for more than three order 
of magnitude (Ackley and Yang, 1991; Olson et al. (2004).  Jayaraman et al. (2004) 
reported that for methane diffusional time constant are in the range of 10-3 to 10-5 
sec-1 and Mohr et al., 1999 also reported that methane diffusional time constant of 
3.8 x 10-4 sec-1.  However Wang et al., 2001, Ahn et al. (2004) and Bae and Lee 
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(2005) reported the carbon dioxide diffusional time constant in the range 10-2 – 10-4 
sec-1.  The values show that zeolites act differently towards different types of 
adsorbate.   
  
 
Table 4.18: The diffusional time constants of methane and carbon dioxide at 323 K 
and 137 kPa. 
D/r2x 104 (sec-1)  
Zeolites Methane (CH4) Carbon dioxide (CO2) 
Channel: 
ZSM-5 
Ferrierite 
Mordenite 
 
1.50 
3.54  
2.99  
 
1.03  
2.61 
8.74  
Cage: 
NaY 
NaX 
Na-SZ18 
 
3.14 
1.75  
2.42  
 
1.90  
2.71  
2.33  
 
 
However, diffusional time constant could not solely be used to evaluate the 
performance of the adsorbent.  This is shown by the diffusional time constant of 
NaX- methane in which is relatively lower than cage type zeolites, it does not 
necessarily indicate low amount of methane adsorbed.  In this case, even though the 
diffusional time constant is high, limitation due the inappropriate pore network 
system (zig-zag channel or one dimensional network system) and pore blockage 
could result in low adsorption capacity.  The adsorption capacity would not reach 
the optimum capacity even though the space is still available for further adsorption.  
This condition is shown by mordenite in which the surface coverage of this sample 
was found to be extremely low (6 % surface coverage).  This finding is supported by 
Olson et al. (2004) in which the diffusional time constant depends on physical and 
chemical properties of adsorbates.  In addition, since this study was carried out at 
constant temperature and pressure, the values do not represent the effect of single 
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parameter but they are rather a combination of parameters that include structural, 
physical and chemical properties of adsorbents and adsorbates.   
 
 
 
 
4.5 Gas - Zeolite Interaction 
 
 
In adsorption of gases, the number of molecules attracted to a solid surface 
depends on the experimental conditions and types of gas and the surface properties 
of adsorbent.  The monolayer, multilayer, or volume filling in micropore space is 
possible for microporous material such as zeolites.  In monolayer adsorption which 
relatively few molecules are adsorbed at very low pressure, only a fraction of the 
solid surface is covered.  As the gas pressure increases at a given temperature, the 
surface coverage also increases.  When all sites become occupied, the adsorbed 
molecules are said to form a monolayer.  Further increase in pressure promotes 
multiplayer adsorption.  However, it is also possible for multilayer adsorption to 
occur on one part of a porous surface while other sites remain vacant.   
 
 
According to Nicholson and Pellenq (1998), in large pores, the adsorbate-
adsorbate interactions are dominant.  However, in micropores, the adsorbent-
adsorbate interaction would be more important.  This phenomenon is supported by 
Knudsen number (NKn) calculated in Section 4.4.2.2, in which Knudsen diffusion 
takes place in the micropore channel.  In general, there are several possible 
interactions between methane and zeolite structures.  The electrostatic forces might 
exist between C -- Na, H -- O, and Si -- C.  Similarly, the interactions between 
carbon dioxide molecules and zeolite could be due to the electrostatic forces of O -- 
Na, O -- Si, and C -- O.  The results of these interactions could be indicated in the 
FTIR spectra of asymmetric and symmetric bands of the adsorbates. 
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As described in Section 3.5.3, the study of adsorbate-adsorbent interaction 
was carried using FTIR spectroscopy method.  FTIR spectra of adsorbed molecules 
could be observed in the region between 3200 – 1200 cm-1 and 2800 – 1400 cm-1 for 
CH4 and CO2 respectively.  FTIR spectra of methane molecules are shown in Figures 
4.33.  Although unique identification of the adsorption spectra is difficult to 
performed, some peaks that attribute to specific interactions of the adsorbate on the 
adsorbent could be observed.  Two peaks appeared in the region around 3020 cm-1 
and 1306 cm-1 are assigned to asymmetric band (v3) and symmetric band (v4) 
respectively (Yoshida et al., 2000).  Symmetric band (v1) was not detected because it 
is not sensitive in the infra-red region.    
 
 
 
Figure 4.33: FTIR spectra of CH4 (gas phase) at 293 K and 137 kPa . 
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Figures 4.34 and 4.35 show the FTIR spectra of methane adsorbed on 
channel and cage-type zeolites.  Peak around 3015 cm-1 is assigned to the v3 
(antisymmetric) of adsorbed CH4.  It is a result of free rotation of the adsorbed 
molecules around a single axis normal to the adsorbent surface (Yamazaki et al., 
2000).  Except zeolite beta, peaks in this region are relatively weak and v3-vibration 
band of methane splitted at pressure 137 kPa.  This finding suggests that the 
methane molecules experience non-symmetrical field from the pore wall of the 
zeolites.   
 
 
 
Figure 4.34: The FTIR spectra (v3) of methane adsorbed on zeolites at 293K and 137 
kPa: (a) zeolite beta; (b) ZSM-5; (c) mordenite; and (d) ferrierite. 
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Figure 4.35: The FTIR spectra (v3) of methane adsorbed on zeolites at 293K and 137 
kPa: (a) NaY; (b) Na-SZ18; and (c) NaX. 
 
 
In contrast to that, zeolite beta having larger pore size (based on the average 
pore diameter) and the adsorbed molecules in the pore have large freedom of 
rotation and would experience symmetrical field from the pore wall of the zeolites.  
The spectra also show that the peak intensities for cage type zeolites are higher and 
sharper than channel type zeolites.  The peak positions also shift to the low-
frequency side of methane gas, in which indicate that the adsorbed molecules 
experience some perturbation.  The presence of supercages within faujasite 
structures (NaX, NaY, and Na-SZ18) would allow the larger freedom for the 
adsorbed molecules to rotate and experience a symmetrical field from the pore wall 
of the zeolites.   
 
 
A weaker band in the spectra around 2900 cm-1 assigned to v1 (symmetric) 
band is induced by adsorbate interaction with the adsorption site which could only 
be observed at temperature lower than 273K (Yamazaki et al., 2000).  According to 
Yoshida et al.  (2000), the band is very weak, and the integrated intensity ratio of v1 
band to v3 is about 1/40.  The band (v1) actually represents the effect of the electrical 
cm-1 
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field on the adsorption sites rather than a strong dispersion force at the surface of the 
zeolite (Yoshida et al., 2000).  This peak could not be detected in all samples and as 
reported by Yamazaki et al.  (2000), it is only clearly visible in the adsorption of 
CH4 on Ω-zeolite at lower temperature (196 K). 
 
 
There is another band in the region around 1300 cm-1 that is assigned to v4 
band.  The appearance of v4 band is induced by the interaction of adsorbed 
molecules with the sites creating an electrical field at the surface.  Figure 4.36 shows 
the FTIR spectra of the channel type zeolites.  However, except for zeolite beta, the 
peaks could not be clearly distinguished from other peaks.  This indicates that only 
weak interaction exists between the adsorbate and the channel type zeolite 
adsorbents.  Stronger peak appeared in zeolite beta spectrum could be due to the 
unspecific interaction between methane and the pore, which has larger average pore 
diameter.  In contrast to channel type zeolites, FTIR spectra of v4 band for methane 
adsorbed in cage type zeolites are clearly shown in Figure 4.37.   
 
 
 
 
Figure 4.36: The FTIR spectra (v4) of methane adsorbed on zeolites at 293K and 137 
kPa: (a) zeolite beta; (b) ZSM-5; (c) mordenite; and (d) ferrierite. 
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Figure 4.37: The FTIR spectra (v4) of methane adsorbed on zeolites at 293K and 137 
kPa: (a) NaY; (b) Na-SZ18; and (c) NaX. 
 
As discussed in the earlier section, the interaction between CH4 and the wall 
of zeolite structure is not based on the active sites but it is more likely due to the 
confinement effect (Yang et al., 2001).  This explains the reason why peaks that 
assigned to v3 and v4 are clearly shown in FTIR spectrum of NaX, NaY, and Na-
SZ18 zeolites (cage-type structure).  The FTIR spectra were further examined in 
order to understand the interaction between the adsorbed molecules and the zeolites.  
The magnitude of the v-peak shift is correlated with the strength of the interaction at 
the adsorption site.  It is also known that the band intensity relatively represents the 
strength and the amount of molecules adsorbed on zeolites.  Table 4.19 shows that at 
298 K and 137 kPa, the peaks are shifted to lower wavelength values.  These 
phenomena indicate that there are some interactions between methane and zeolite 
even though they are only a weak interactions.   
 
 
It suggests that desorption could be easily achieved either by increasing the 
temperature or reducing the pressure of the adsorption system.  As reported by 
Yamazaki et al. (2000), peak area does not actually represent total the amount of 
cm-1 1400 1360 1320 1280 1240 1200 
 
 
 
 
(c) 
 
 
(b) 
 
(a) 
v4 
  
170 
methane adsorbed, but it relatively indicates the extent of adsorption in each 
zeolites.  From the peak area of other samples, it is evident that cage type zeolite 
gives better adsorption than channel type zeolites.   
 
 
Table 4.19: The peak position of v3 and v4 bands and area of the adsorbed methane. 
v3 band v4 band 
Zeolite Peak position 
(cm-1) 
Area 
(cm2) 
Peak position 
(cm-1) 
Area 
(cm2) 
           CH4 
Channel: 
Beta 
ZSM-5 
Mordenite 
Ferrierite 
3020 
 
3015 (-5) 
3013 (-7) 
3011 (-9) 
3016 (-4) 
 
 
14.80 
3.23 
0.95 
4.04 
1306 
 
1303 (-3) 
1307 (+1) 
1303 (-3) 
1303 (-3) 
 
 
9.12 
4.56 
0.13 
4.50 
Cage: 
NaY 
NaX 
Na-SZ18 
 
3015 (-5) 
3012 (-8) 
3015 (-5) 
 
18.52 
 9.67 
15.66 
 
1303 (-3) 
1303(-3) 
1303 (-3) 
 
11.35 
10.81 
11.90 
 
 
The FTIR spectra of carbon dioxide are shown in Figure 4.38.  The 
asymmetric stretching is predicted at 2640 cm-1 but it could only be observed at 
2345 cm-1.  Another symmetric stretching is predicted at 1537 cm-1 which is not IR 
active.  In the case of adsorbed CO2 on zeolites, two well defined peaks appear in 
two regions, 2300 cm-1 and 1600 cm-1.  Peak in the first region is likely belong to v3 
band, which represents the physisorbed undissociated molecular CO2 species (Rege 
and Yang, 2001).  Another peak corresponding to chemisorbed species that appears 
in the second region (~1600 cm-1).  This typically corresponds to CO2 molecules 
adsorbed either in linear configuration on cations (v2 band), or in non-linear (bent) 
manner in the form of carbonate or bicarbonate ions.   
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Figure 4.38: The FTIR of carbon dioxide molecules (gas phase) at 293K and 137 
kPa. 
 
 
The analysis of adsorbed spectra on different types of zeolites indicates the 
presence of adsorption band in the region of the 2350 – 2370 cm-1 and 1500 – 1700 
cm-1 that assigned to v3 and v2 respectively (Figures 4.39 and 4.40).  General 
observation shows that the v3 and v2 bands of cage type zeolite have higher intensity 
than the channel type zeolites.  It was also observed that the v3 peaks broadens and 
resolved into several peaks.  This fine structure of the CO2 bands probably reflects 
CO2 adsorption at different sites.  These peaks are in accordance with previous 
observation by Rege and Yang (2001).  Thus, it is important to note that quadrapole 
moment could cause a strong interaction between CO2 molecules and zeolite 
surfaces especially in the v3 band region.  Similarly, v2 bands for Na-SZ18, NaX and 
NaY are also broadened and resolved into several peaks.  However, a weak v2 bands 
are visible in the region of 1500 – 1700 cm-1 for mordenite, ferrierite, beta and ZSM-
5 zeolites.  This indicates that more molecules are physically adsorbed on the 
surface.   
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Figure 4.39: The FTIR spectra (v3 and v2) of carbon dioxide adsorbed on channel 
type zeolites at 293K and 137 kPa: (a) mordenite; (b) ferrierite; (c) beta; and (d) 
ZSM-5. 
 
 
 
Figure 4.40: The FTIR spectra (v3 and v2) of carbon dioxide adsorbed on cage type 
zeolites at 293K and 137 kPa: (a) Na-SZ18; (b) NaX; and (c) NaY. 
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As mentioned previously, the magnitude of v peak shifting indicates the 
strength of the interaction between the adsorbed molecules and the adsorption sites.  
Table 4.20 shows that the magnitude of peak shifting for chemisorbed species (v2) is 
greater than the physisorbed species (v3), which is more obvious in channel type 
zeolites and NaY zeolite.  However, results for NaX and Na-SZ18 zeolites show an 
equal strength of physisorption and chemisorption interactions between CO2 and 
zeolite.  The calculated area also gives some insight on the adsorption phenomena of 
CO2.  The results show the amount of molecules physically and chemically adsorbed 
on the sites.  As shown in the XRD patterns, zeolite beta used in this study has low 
crystallinity as compared to other channel type zeolites.  This might explain the 
reason why the peak area is small.  Hence, the collapse of structural framework 
resulting in the formation of mesopore and macropore reduces the active sites for 
adsorption.   
 
 
Table 4.20: Peak position of v3 and v2 band and area of the adsorbed carbon dioxide. 
v3 band v2 band 
Zeolite Peak position 
(cm-1) 
Area 
(cm2) 
Peak position 
(cm-1) 
Area 
(cm2) 
CO2 
Channel: 
Beta 
ZSM-5 
Mordenite 
Ferrierite 
2359 
 
2339 (-20) 
2329 (-30) 
2319 (-40) 
2329 (-30) 
- 
 
155.35 
347.70 
263.65 
243.57 
1687 
 
1628 (-59) 
1629 (-58) 
1624 (-63) 
1624 (-63) 
- 
 
58.89 
108.48 
107.01 
102.69 
Cage: 
NaY 
NaX 
Na-SZ18 
 
2339 (-20) 
2329 (-30) 
2317 (-42) 
 
433.69 
193.68 
303.11 
 
1635 (-52) 
1655 (-32) 
1649 (-38) 
 
160.57 
293.56 
297.65 
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In this study, both adsorbates have kinetic diameter smaller than pore 
diameter of zeolites.  It is assumed that the diffusions of these molecules are not 
affected by the pore size of the zeolites.  However, the adsorption on different 
structural framework shows that each adsorbate does not have similar adsorption 
characteristics.  This study clearly shows that adsorption of CO2 was affected by the 
interaction between the quadrapole moment of gas molecules and the electrical field 
created by the structural cations in zeolites.  Strong interactions between CO2 and 
zeolites are clearly shown in the FTIR spectra especially in the region of 1500 – 
1700 cm-1.  However, CH4 is a non-polar molecule which has no specific interaction 
with zeolite surfaces.  The adsorption mechanism of CH4 follows micropore filling 
theory which the adsorption increases gradually until it reaches saturation.  The 
FTIR study also shows that adsorbate properties influence the adsorption 
characteristics of zeolites. 
 
 
It is important to realize that apart from the properties of adsorbate and 
adsorbent, other experimental parameter such as temperature and pressure could 
affect the interaction of the adsorbate and adsorbent.  As described in Section 3.5.4, 
adsorption at different pressures was carried out by introducing the gas at the 
respective pressures after outgassing (vacuum pressure < 2 x 10-3 kPa) the 
adsorption cell for 2 hours.  The FTIR spectra show that as the pressure increases, 
the peak assigned to v3 band resolves into two peaks, but v4 band retains as single 
peak (Figures 4.41 and 4.42).  Hence, this explained the disappearance of sharp 
peaks in the region of 3015 cm-1 for samples such as ZSM-5, mordenite, and zeolite 
beta.  The splitting of peaks might indicate the effect of high adsorbate 
concentration.  As the concentration at particular site increases, the adsorbate 
molecule might lost a certain degree of rotational freedom (Yamazaki et al., 2000; 
Scarano et al., 2001).  
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Figure 4.41: The effect of pressure on v3 band of methane adsorbed at different 
pressures: (a) 5 psi; (b) 10 psi; (c) 20 psi; (d) 30 psi; and (e) 40 psi. 
 
 
Figure 4.42: The effect of pressure on v4 band of methane adsorption: (a) 5 psi; (b) 
10 psi; (c) 20 psi; (d) 30 psi; and (e) 40 psi. 
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4.6 Gas Adsorption Mechanism of Different Zeolite Structural Frameworks 
 
 
 According to Suzuki (1990), depending on the structure of the adsorbent, 
several types of diffusion mechanisms become dominant and sometimes two or three 
of them compete or cooperate.  The dominant mechanism also depends on a 
combination of adsorbate and adsorbent, and adsorption conditions used such as 
pressure, temperature, and concentration range.  In microporous adsorbent such as 
zeolite and activated carbon, macropores usually act as a path for the adsorbate 
molecules to reach the interior part of the particle.   
 
 
Based on results presented on previous sections, this section will summarise 
and propose the mechanistic model of gas adsorption process with special emphasize 
on the influence of structurally different zeolites.  It has well established that the 
adsorption process involves several mechanisms namely bulk phase diffusion, 
macropore diffusion, micropore diffusion, and finally adsorption on the surface of 
the pore adsorbents.  As presented in Section 4.4.3.1, the bulk phase diffusion 
(molecular or Fick’s diffusion) is in the order of 10-5 for both types of adsorbate.  
Similarly, as the size of the macropore is larger than the molecular size of the 
adsorbates, it is assumed that the diffusion inside the macropore channel is also 
molecular (Fick’s) diffusion.  However, based on the average pore diameter of the 
zeolites and the kinetic diameters of methane and carbon dioxide, diffusion inside 
zeolite’s microchannel is Knudsen-type diffusion.  The interaction between gas 
molecule and the wall of the micro-channel becomes more dominant.  The diffusion 
of gas molecules inside the pores is slower than bulk phase diffusion, in which 
Knudsen diffusivity (DKn) is in the order of 10-7(Table 4.15).  Except for zeolite 
beta, the results presented in Section 4.4.2.2 suggest that, in general, the diffusion in 
the microstructure of zeolite is much slower than the bulk phase diffusion.   
 
 
Since the properties of adsorbates used in this study are different, thus the 
adsorption mechanisms are expected to be different.  Figure 4.43 illustrates the 
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adsorption phenomena that occurred inside the zeolite structures.  As discussed in 
Section 4.3.1, the adsorbates are more easily diffuse through a straight channel than 
the zig-zag channel.  The blockage either at the pore opening of cage structure or at 
the zig-zag channel is more likely to occur during CO2 adsorption.  This is because 
the quadrapole moment of CO2 strongly interacts with the active adsorption sites 
(cation sites) and the migration of molecules from one site to another is restricted by 
the microchannel diameters through which the migration takes place.  In this case, 
any channel with diameter that is approximately of the same magnitude of the 
diameter of adsorbates might experience ‘trapping’ condition.  This is especially true 
for CO2 molecules in which the strong interaction with the adsorption sites would 
prevent further diffusion of molecules.   
 
 
In the case of CH4, the forces between the molecules and the wall of 
adsorbent are likely the most important interactions for stabilizing adsorption in the 
cavities.  Even though the affinity of CH4 on zeolite is low and in most cases was 
neglected, the adsorption isotherm proved that adsorption occurs inside the 
micropore.  In addition, since the adsorbates (methane) are not strongly bonded, the 
molecules could easily diffuse to low concentration site according to the pore filling 
theory.   
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Figure 4.43: A schematic diagram illustrates gas diffusion inside the zeolite 
structures. 
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[1] Adsorbates could easily diffuse inside the straight channel.  
[2] There is possible blockage inside the zig-zag channel especially when the 
adsorbate strongly adsorbed (e.g carbon dioxide) at the adsorption site.  
The flexibility of the framework structure would allow the adsorbate to 
diffuse. 
[3] Molecules could easily diffuse due to large pore diameter - Fick’s or 
molecular diffusion. 
[4] The flexibility of pore diameter would allow the molecules diffuse through 
the micro-channel. 
[5] Molecules could easily ‘jump’ one adsorption site to another site – pore 
filling. 
[6] Strongly bonded adsorbate at the pore opening could possibly become a 
hindrace for other molecules to diffuse - Knudsen diffusion. 
 
[6] 
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According to Guo (1998), when a porous solid contains pores of molecular 
dimension like zeolites pores, it is more realistic to consider that there is only 
adsorption phase instead of co-existing gas phase and adsorption phase.  In addition, 
as this study was carried out at between 298 to 323 K and pressure up to 137 kPa, 
the calculated compressibility factor of adsorbates lies between 0.99 – 0.96 indicates 
that the molecules behaves like ideal gas.  If the gas adsorption follows BET theory, 
the first layer of adsorbate is fixed on the solid surface due to interaction between 
the gas and solid.   
 
 
When the surface is fully covered with a layer of adsorbate, other gas 
molecules will adsorbed above the first layer, due to interaction between the same 
species and so on.  The ratio of surface coverage > 1 indicates that multilayer 
adsorption might occur.  However, for surface coverage < 1, the multilayer 
adsorption could also possibly occur at selected active sites.  Figure 4.44 illustrates 
the phenomena monolayer and multi-layer adsorption that occurred inside the 
channel and cage type zeolites.  It is also important to note that interaction between 
the first layer and the adsorbent is not the same as the interaction between the first 
and the second layer of adsorbates, the second and the third layer of adsorbates, and 
so on.  Similarly, the effect of electrostatic field from the solid surface decreases as 
the distance between adsorbate-adsorbent increases.   
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Figure 4.44: A schematic diagram illustrates gas adsorption on different zeolite 
adsorbents. 
Cage type zeolite  
[1] Surface coverage (θ) greater than 1 indicates the formation of multilayer 
adsorption inside the cage type zeolite.  Small pore diameter reduces the 
possibility of multilayer adsorption. 
[2] It is also possible for multilayer adsorption to occur even though the surface 
coverage (θ) is less than 1.  The adsorption of carbon dioxide most likely 
occurs on selected adsorption site, whenever the diffusion is possible. 
[3] Methane easily diffuses through the pore due to less specific interaction, 
• longer equilibrium time, 
• low initial adsorption rate. 
[4] The amount of carbon dioxide adsorbed is significantly reduced as the 
adsorbate could not further diffuse to other adsorption sites due to blockage 
from the strongly bonded adsorbate, 
• low heat adsorption , 
• shorter equilibrium time. 
Channel type zeolite 
θCH4 < 1 
 
θCO2 << 1 
 
θCO2 < 1 θCH4  > 1 
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As discussed in Section 4.4, there are several possible adsorption sites for 
methane and carbon dioxide adsorption.  The electrostatic attractions between the 
adsorbate and zeolite adsorbent are illustrated in Figure 4.45.  The carbon atom of 
adsorbed methane may interact with silicon and sodium atom of zeolite adsorbent 
while hydrogen may interact with oxygen and aluminium atoms.  Similarly, carbon 
atom of adsorbed carbon dioxide may interact with oxygen while oxygen atom of 
the adsorbed carbon dioxide may interact with sodium, silicon, and aluminium of the 
adsorbent. 
 
 
Figure 4.45: A schematic diagram indicates all possibilities of electrostatic 
interactions between adsorbate and zeolite adsorbent. 
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4.6 Summary 
 
 
A large numbers of different zeolite structures offer many possibilities for 
specific application.  In order to choose suitable adsorbent, adsorption characteristics 
of adsorbate-adsorbent need to be well understood.  Proper understanding of zeolite 
structure and its characteristics may improve many existing process economically 
and many new chemical processes are possible.  Since there are several zeolitic 
materials available in the market, it is important to know the potential use of 
different structures by investigating the effect of zeolites physical and chemical 
properties on adsorption as well as the interaction between gas molecules and 
zeolites.  This knowledge will enable us to evaluate the performance of structurally 
different zeolite as an adsorbent.   
 
 
The study based on structurally different zeolites has found that cage type of 
zeolites (NaY, NaX, and Na-SZ18) adsorbed more than channel type zeolites.  The 
cages provide space for the adsorbate to reside inside the structure.  It suggests that 
type of structural framework is important factor in selecting type of adsorbent used 
especially when high adsorption capacity is required.  In addition, the accessibility is 
also important in determining adsorption capacity.  Three dimensional pore system 
and large pore opening would reduce the possibility of pore blocking problem.  
However, the physical properties such as surface area and pore volume are still 
important in gas adsorption.   
 
 
Gas adsorption using synthesized zeolite (Na-SZ18) as adsorbent proved that 
achieving 100 % crystalline phase should not be the ultimate goal in zeolite 
adsorbent production.  This study shows that that the presence of structural defects 
increase the active sites, thus increase the amount of methane and carbon dioxide 
adsorbed.  However, too much amorphous phase as shown in the adsorption of 
methane and carbon dioxide on zeolite beta is not also recommended. Therefore, 
  
183 
using zeolite characterization technique such as XRD and nitrogen adsorption, the 
properties of suitable adsorbent can be determined.  
 
In addition, the thermodynamic data have shown that properties of adsorbate, 
(methane - non-polar molecule and carbon dioxide - quadrapole moment) affect the 
characteristics of adsorption.  However, the fractional uptake curve of methane 
shows the effect of cage-like structure on methane adsorption.  The result indicates 
properties of adsorbent (type of structure and pore diameter).  There that the kinetic 
of methane adsorption is strongly influence by the is no clear evidence on the 
adsorption of carbon dioxide, which suggests that the quadrapole moment (adsorbate 
property) has greater influence on the kinetic of carbon dioxide adsorption the 
structural framework of zeolites.  Furthermore, the study on gas-zeolite interaction 
also indicates that there is strong interaction between carbon dioxide and the 
adsorption site (cation) of zeolite.   
 
 
Therefore, based on the gas adsorption characteristic of structurally different 
zeolites, cage type zeolite shows a promising performance as methane and carbon 
dioxide adsorbents.  Na-SZ18 was selected for modification by metal cation 
exchange method.  The effect of different metal cations on zeolite structural 
framework, zeolite physical properties, and gas adsorption characteristics will be 
discussed in Chapter 5. 
  
 
 
CHAPTER 5 
 
 
 
 
GAS ADSORPTION CHARACTERISTICS OF METAL ION EXCHANGED 
ZEOLITES 
 
 
 
 
5.1  Introduction 
 
 
As discussed in Chapter 2, crystalline zeolite consists of silicon and 
aluminium atoms, which are tetrahedrally coordinated by oxygen atoms.  For every 
aluminium atom that is incorporated into the framework, one excess negative charge 
results, which needs to be balanced by an equivalent amount of extra-framework 
cation, in order to maintain neutrality of the framework.  These cations exist inside 
the cages and channels together with intra-zeolitic water.  Since the cations are not 
covalently bound, it can easily be replaced by other cations.  The exchange of 
sodium ion in zeolite structural framework with other cation of different charges and 
molecular sizes, and with different quantity influences the physical and chemical 
properties of the zeolite.  According to Hernandez-Huesca et al. (1999), different 
cationic forms may lead to differences in the adsorption of a given gas, due to the 
properties and location of the cations in the structure.  Cation also affects the local 
electrostatic field and polarization of adsorbates (Bellat et al., 1995; Choudhary and 
Mayadevi, 1996; Hernandez-Huesca et al., 1999; Hutson et al., 1999, Walton et al., 
2006).   
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One of the modification methods that could be used to investigate the effect 
of different cation on gas adsorption is cation exchange.  Using this method, 
modification of zeolite properties at the molecular level takes place in which the 
extra-framework sodium is replaced by other metal cations.  Ma (1984) has reported 
that the effect of cation on adsorption depends primarily on the size and shape of the 
guest molecule, the size of the cation and its location in the channel, and the 
interaction between cation and the guest molecule.  It was also reported that the 
adsorption capacity of several hydrocarbons on ZSM-5 modified with Li, Na, K, Rb, 
and Cs decreases as the radius of the cation increases (Wu and Ma, 1983).  This is 
due to the fact that cation exchange treatments cause some changes in structural 
properties and physicochemical properties of zeolites, thus affect the amount 
adsorbed and adsorption behavior of the gases.   
 
 
According to Öhman et al. (2002), the strength of cation bind to the exchange 
sites depends on the type of cation.  Di- and trivalent ions frequently bound stronger 
than monovalent ions.  However, the latter may act as site blocker for the former.  In 
addition, changing the cations in a zeolite may effectively enlarge or narrow the pore 
openings by diminishing or adding the cation population and/or resiting of cation, 
which are normally located near these openings.  Typically, the presence of a 
divalent cation opens the aperture to full diameter, whereas exchanging it with a 
larger univalent ion diminishes the aperture size.  It has been reported that using both 
cavities of faujasite group of zeolite could be utilized as a nano-container (Heo and 
Lim, 1996).  
 
 
However, the presence of different cations might change the adsorptive 
characteristics of zeolite adsorbents.  Thus, in order to control the accessibility of gas 
molecules, suitable types of cation need to be initially identified and the amount of 
exchanged cations should to be monitored and controlled.  Besides all the advantages 
of using cation exchanged as modification method, structural destruction might 
occur which is due to the acidity of the solution or size of cation.  The damage may 
have occurred during the exchange or during the dehydration.  Thus, before 
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investigating the characteristics of gas adsorption on metal exchanged zeolites, it is 
also important to determine the structural, physical and chemical properties of the 
adsorbent and the changes due to cation exchange treatment.   
 
 
Therefore, this chapter will discuss the effect of exchanging sodium ions with 
several types of cations (alkali metals, alkaline earth metals, and transition metal) on 
gas adsorption characteristics.  The materials and method used in the cation 
exchange procedures have been previously described in Chapter 3.  The study on 
structurally different zeolites (Chapter 4) has shown that cage type zeolites (NaX, 
NaY and Na-SZ18) are better adsorbent than channel type zeolites.  It was based on 
the results of adsorption capacity, the initial adsorption rate, and adsorbate-zeolite 
interaction study.  Since the adsorption capacity of Na-SZ18 is higher than NaX and 
NaY zeolites, Na-SZ18 was selected for further gas adsorption study by modifying 
the zeolite using cation exchange method.   
 
 
As discussed in Chapter 4, faujasite structure (eg. NaX and NaY) consists of 
large and small cavities namely supercages and sodalite respectively.  The Si/Al ratio 
indicates that the zeolite has high aluminium content.  It is important to note that by 
using zeolite with high aluminium content, the possibility of having sodium being 
exchanged with other cation is high, thus allowing investigation on the adsorption 
characteristics as a function of pore size, micropore area, and pore volume in the 
presence of different cation.  Again, based on methodology presented in Chapter 3, 
this chapter will discuss the effect of metal cations in zeolites on gas adsorption 
isotherm of methane and carbon dioxide, the uptake rate, heat of adsorption, and gas-
zeolite interaction.  Finally, the mechanism of gas adsorption on metal exchanged 
zeolites is proposed. 
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5.2 Properties of Cation Exchanged Zeolites 
 
 
5.2.1 Introduction to metal cations 
 
 
This study involved exchange of extra-framework sodium with metal cation 
that belongs to Group IA, IIA, and transition metals (IIB, VIIB, and VIIIB) in the 
Periodic Table (Figure 5.1).  The metal cations were selected to represent three 
different groups of metal that listed in the Periodic Table.  Study on these groups of 
metal cations is important in order to understand their effect on adsorption 
characteristics of methane and carbon dioxide.  Consequently, the potential metal or 
groups of metal would be identified for future research in gas adsorption 
applications.  Group IA metals are known as alkali metal.  Each element in Group IA 
has single valence electron.  It consists of lithium (Li), sodium (Na), potassium (K), 
rubidium (Rb), cesium (Cs) and francium (Fr).  The last element (Fr) is a radioactive 
element.  These elements are highly reactive and their reactivity increases on 
decending the group from lithium to cesium.   
 
 
Group IIA consists of beryllium (Be), magnesium (Mg), calcium (Ca), 
strontium (Sr), barium (Ba) and radium (Ra).  Similarly, the last element is 
radioactive element.  Group IIA is also known as alkaline earth metal with high in 
reactivity, but it is not as high as the alkali metal group. These metals do not exist in 
nature as free atoms.  Atomic and ionic radii of the metals increased smoothly down 
the group.  The ionic radii are all much smaller than the corresponding atomic radii.   
Transition metal is defined as an element which forms at least one cation with a 
partially filled sub-shell of d electrons.  It consists of 40 elements which represent 
the successive addition of electrons to the d atomic orbitals of the atoms as one 
progresses through each of the three periods.  The transition element form cation 
with a wide variety of oxidation states.  Based on the methodology presented in 
Section 3.3.2, the sodium cations (Na+) present in the based zeolite (Na-SZ18) was 
exchanged with the selected metals as shown in Table 5.1.   
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IA               
H IIA         IIIA IVA VA VIA  
Li Be            O  
Na Mg IIIB  VIIB   VIIIB IB IIB Al Si P S  
K Ca Sc  Mn Fe Co Ni Cu Zn      
Rb Sr Y      Ag Cd      
Cs Ba La       Hg      
               
Figure 5 1: A Periodic Table indicates the groups of the selected metals cations used 
in the study (marked in black). 
 
 
Table 5.1: The properties of cations used in this study for the cation exchanged 
treatment.   
Cations 
Atomic radius 
(nm) 
Ionic radius 
(nm) 
Electronegativity 
(Pauling) 
Alkali metal: 
Lithium (Li+) 
Sodium (Na+) 
Potassium (K+) 
Rubidium (Rb+) 
 
0.124 
0.185 
0.227 
0.248 
 
0.076 
0.098 
0.138 
0.152 
 
0.98 
0.93 
0.82 
0.82 
Alkaline earth metal: 
Magnesium (Mg2+) 
Calcium (Ca2+) 
Barium (Ba2+) 
 
0.160 
0.197 
0.217 
 
0.072 
0.099 
0.135 
 
1.31 
1.00 
0.89 
Transition metal: 
Manganese (Mn2+) 
Níkel (Ni2+) 
Zink (Zn2+) 
 
0.136 
0.125 
0.133 
 
0.046 
0.069 
0.074 
 
1.55 
1.91 
1.65 
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5.2.2 Structural determination of metal cation exchanged zeolites 
 
 
As reported in the literatures, the cation exchange treatments could cause 
some changes in the structure and properties of zeolites (Shibata and Seff, 1997; 
Armor, 1998; Albert and Cheetham, 2000; Nery et al., 2003; Khelifa et al., 2004).  
Thus, an attempt was made to clarify the changes due to cation exchange since it 
may also affect the adsorption characteristics of zeolites.  Scanning electron 
microscopy (SEM) was used to observe any changes on the morphology of cation 
exchanged zeolites.  In this study, SEM images provide evident of almost similar 
size before and after the exchange treatment.  Figures 5.2 and 5.3 show SEM images 
of the based material (Na-SZ18) and the cation exchanged zeolites respectively.   
 
 
 
Figure 5.2: The SEM image of the Na-SZ18 crystallites (based zeolite). 
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(a) (b) 
 
  
   (c)      (d) 
Figure 5.3: The SEM crystallite images of metal cation exchanged zeolites: (a) 
LiNa-SZ18; (b) KNa-SZ18; (c) MgNa-SZ18; and (d) BaNa-SZ18.   
 
 
In general, the crystallites have nearly spherical shapes with particles 
diameter remains in the range of 1.0 to 1.5 µm.  The particles are either in the form 
of single crystallites or stacked-together in small crystallites.  It has irregular 
polyhedron, and after exchanging sodium with other cation, the particle size shows 
no significant changes in term of particle size.  In addition, in order to elucidate the 
effect of cation exchange treatment on structural arrangement of the faujasite type 
structure, XRD spectra of metal exchanged zeolites were measured and analyzed.  
Again, the XRD spectra demonstrate that after cation exchange treatment, samples 
still retain the faujasite structural framework (Figures 5.4, 5.5, and 5.6).  The 
crystalline phases are still visible but their intensities vary.  
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Figure 5.4: The XRD patterns of the alkali metal cation exchanged zeolites: (a) Na-
SZ18; (b) LiNa-SZ18; (c) KNa-SZ18; and (d) RbNa-SZ18.   
 
 
 
Figure 5.5: The XRD patterns of the alkaline earth metal cation exchanged zeolites: 
(a) Na-SZ18; (b) MgNa-SZ18; (c) CaNa-SZ18; and (d) BaNa-SZ18.   
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Figure 5.6: The XRD patterns of the transition metal cation exchanged zeolites: (a) 
Na-SZ18; (b) MnNa-SZ18; (c) NiNa-SZ18; and (d) ZnNa-SZ18.   
 
 
The cation exchange process leads to rearrangement of other ions in zeolite 
structure.  When one cation (for example Mg2+) replaces two sodium cations, it 
causes changes in local distributions and the electrostatic fields.  The changes may 
cause an alteration of the framework, leading to shifting of the diffraction peaks 
(Tables 5.2, 5.3, and 5.4).  The exchange of sodium cation with other metal cations 
of larger ionic size (Rb+ and Ba2+) results in some peaks either disappeared or 
lowered intensities, and shift to a lower angle of XRD diffractogram.  On contrary, 
exchanging sodium with lithium and other transition metal ions having cationic size 
smaller than sodium ion result increasing the intensities of the respective peaks.  
Most of the peaks were shifted towards high angle indicates the shrinkages of the 
unit cell.  Hence, we could assume that the extent of changes depend the size of the 
cation. The bigger size cation results in more changes to the zeolites.   
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Table 5.2:The peak positions of the alkali metal cation exchanged zeolites obtained 
from XRD data.   
Na-SZ18 LiNa-SZ18 KNa-SZ18 RbNa-SZ18 
2θ I(cps) 2θ I(cps) 2θ I(cps) 2θ I(cps) 
15.523 
18.533 
20.199 
23.449 
26.832 
31.134 
474 
175 
296 
501 
474 
499 
15.596 
18.603 
20.290 
23.558 
26.925 
31.265 
509 
218 
330 
539 
489 
483 
15.468 
18. 467 
20.134 
23.362 
26.713 
31.004 
198 
120 
88 
327 
256 
292 
15.520 
18.528 
- 
23.697 
26.793 
31.099 
144 
242 
- 
348 
348 
203 
 
 
 
Table 5.3: The peak position of the alkaline earth metal cation exchanged zeolites 
obtained from XRD data.   
Na-SZ18 MgNa-SZ18 CaNa-SZ18 BaNa-SZ18 
2θ I(cps) 2θ I(cps) 2θ I(cps) 2θ I(cps) 
15.523 
18.533 
20.199 
23.449 
26.832 
31.134 
474 
175 
296 
501 
474 
499 
15.521 
18.521 
20.184 
23.454 
26.821 
31.135 
446 
195 
394 
496 
375 
438 
15.517 
18.526 
20.190 
23.447 
26.830 
31.141 
314 
137 
278 
433 
249 
326 
15.509 
18.535 
- 
23.694 
26.796 
31.109 
70 
70 
- 
198 
109 
109 
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Table 5.4: The peak positions of the transition metal cation exchanged zeolites 
obtained from XRD data.   
Na-SZ18 NiNa-SZ18 MnNa-SZ18 ZnNa-SZ18 
2θ I(cps) 2θ I(cps) 2θ I(cps) 2θ I(cps) 
15.523 
18.533 
20.199 
23.449 
26.832 
31.134 
474 
175 
296 
501 
474 
499 
15.529 
18.529 
20.199 
23.453 
26.822 
31.134 
435 
205 
430 
483 
420 
434 
15.592 
18.608 
20.274 
23.538 
26.933 
31.254 
297 
127 
268 
402 
261 
312 
15.534 
18.537 
20.182 
23.466 
26.834 
31.147 
471 
147 
338 
566 
444 
426 
 
 
FTIR spectroscopy method has also been used to characterize the structural 
properties of zeolites.  The FTIR spectra of metal cation exchanged zeolites are 
shown in Figures 5.7, 5.8, and 5.9.  In general, the spectra of the modified samples 
are found to be very similar to the based zeolite (Na-SZ18).  The strongest vibration 
assigned to T – O stretch in the range of 950 – 1250 cm-1 are observed in the FTIR 
spectra of all metal exchanged zeolites understudied.  Similarly, T – O bending 
modes around 420 – 500 cm-1 region were also appeared in the FTIR spectra.   
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Figure 5.7: The FTIR spectra of alkali metal cation exchanged zeolites: (a) Na-
SZ18; (b) LiNa-SZ18; (c) KNa-SZ18; and (d) RbNa-SZ18.   
 
 
 
Figure 5.8: The FTIR spectra of the alkaline earth metal cation exchanged zeolites: 
(a) MgNa-SZ18; (b) CaNa-SZ18; (c) BaNa-SZ18; and (d) Na-SZ18.   
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Figure 5.9: The FTIR spectra of the transition metal cation exchanged zeolites: (a) 
NiNa-SZ18; (b) MnNa-SZ18; (c) ZnNa-SZ18; and (d) Na-SZ18.   
 
 
However, according to Maxwell and Baks (1973), cations could exert a 
remarkable influence on the frequency of the adsorption bands in the ranges of 440 – 
490 cm-1 and 540 – 590 cm-1.  The former is attributed to T – O bending and the 
latter arises from the double ring vibration.  In this case, the vibration at 556 cm-1 for 
the double ring spectrum of Na-SZ18 shifts within the region of 560 - 570 cm-1 after 
cation exchanged treatment.  According to Ward (1970), the presence of alkali 
metals and transition metal cations could be determined from the hydroxyl group of 
the exchanged zeolite.  The band frequencies near 3640 and 3540 cm-1 are a function 
of the electron affinity of the cations (Ward, 1970).  The frequencies increased with 
increasing electrostatic field of the cations in exchanged zeolites.  The presence of 
the peak for Na-SZ18 at 3468 cm-1 is shown in Figure 5.7.  The peak was shifted as 
Na+ was exchanged with other cations.  However, it is important to realize that Na+ 
ions in the based zeolite are not fully exchanged with other cations.  This explained 
the reason why the frequencies of divalent cation exchanged zeolites do not increase 
even though the electrostatic field of the cations is high.  
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5.2.3 Physicochemical properties of metal cation exchanged zeolites 
 
 
In order to determine the porosity of the exchanged zeolites, nitrogen 
adsorption was measured at 77 K.  As discussed in Section 4.2.2, nitrogen adsorption 
isotherm of Na-SZ18 (based zeolite) follows Type I classification, a typical 
crystalline microporous material isotherm.  The nitrogen adsorption isotherms of the 
zeolites after cation exchange were also measured.  It was found also that the 
isotherm curves of cation exchanged zeolites follow IUPAC classification of type I, 
in which a steep rise was observed but the samples reached equilibrium at different 
adsorption capacity (Figures 5.10, 5.11, and 5.12).  The isotherms are also reversible 
and the shapes of initial part of isotherms are rather similar to the based zeolite, 
which indicates that the microporous character is largely preserved.   
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Figure 5.10: The nitrogen adsorption isotherms of the alkali metal cation exchanged 
zeolites. 
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Figure 5.11: The nitrogen adsorption isotherms of the alkaline earth metal cation 
exchanged zeolites. 
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Figure 5.12: The nitrogen adsorption isotherms of the transition metal cation 
exchanged zeolites. 
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The nitrogen adsorption isotherms show that the presence of lithium (Li+), 
magnesium (Mg2+) or manganese (Mn2+) ions results in several improvements as the 
plateau rises to a higher value which will be discussed in later sections.  However, 
the presence of cations such as potassium (K+), rubidium (Rb+), calcium (Ca2+), 
barium (Ba2+), and zink (Zn2+) caused a drop of the plateau to a level lower than the 
based zeolite.  The results also show that the nitrogen adsorption behaviors of alkali 
and alkaline earth metals are similar, decrease from the top to the bottom of the 
groups (Group IA and IIA).   
 
 
Similar adsorption behavior was observed as the transition metals from left to 
the right of the periods replacing the sodium cation in the based zeolite (Na-SZ18).  
The changes are associated with the size and charge of cations that determining the 
properties of the zeolites.  In addition, after cation exchange, the loss of 
microporosity is anticipated, accompanied by the formation of secondary pores.  The 
loss of microporosities is verified by the presence of hysteresis loop, which is clearly 
shown in the transition metal exchanged zeolite (NiNa-SZ18).  However, the 
hysteresis loops appear in alkali metal exchanged zeolite (LiNa-SZ18) and alkaline 
earth metal (MgNa-SZ18) appear relatively insignificant (Figure 5.13).  The 
difference might correspond to larger micropores or formation of mesopores that 
gave rise to typical adsorption-desorption hysteresis loops.   
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          (c) (d) 
Figure 5.13: The hysteresis loops of based and several metal cation exchanged 
zeolites: (a) Na-SZ18; (b) LiNa-SZ18; (c) MgNa-SZ18; and (d) NiNa-SZ18. 
 
 
As reported by Cen (1990), there are some limitations in the ion exchange 
equilibrium that resulting only part of Na+ in the zeolite lattice could be exchanged 
by other cations.  Hence, the presence of secondary pores depends on the cation 
exchange capacity of the zeolites.  Meanwhile, the nitrogen adsorption isotherm data 
were used to determine physical properties of exchanged zeolites namely surface 
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area, pore volume and average pore diameter.  In order to obtained quantitative 
assessment of porosity, surface area was calculated using conventional BET method.  
The calculation of micropore volume and micropore surface area was conducted 
using t-plot.  The values calculated show some changes, a decrease in term of surface 
area and pore volume as the ionic radius of the cation increases.  This effect may be 
attributed to the presence of the cation itself or extra-framework aluminium species 
in the interior of zeolite pores and channels, causing a decrease on the micropore 
area.   
 
 
In addition, cations in zeolite cavities are located on specific sites, the 
exchange of sodium cation at site II with cation of bigger size may partially block 
the aperture or pore window (Figure 5.14).  It hinders the diffusion of probe 
molecules (nitrogen) from entering the inner side of the cages, thus reduces the 
amount of nitrogen adsorbed.  Besides the cationic size, structural defect during 
cation exchange treatment is also a reason for formation of secondary pores, either 
super-micropores or mesopores.  These phenomena led to reduction of micropore 
area and micropore volume of samples such as RbNa-SZ18, BaNa-SZ18, and the 
transition metals used in this study.   
 
 
 
Figure 5.14: Location of cations in faujasite structural framework (Haniffa et al., 
1998). 
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This study also reveals that the physical properties of the metal cation 
exchanged zeolites such as surface area and pore volume decrease moving down in 
the group (Groups IA and IIA)le.  Similarly, these properties also decrease as the 
sodium in based zeolites are exchanged by other metal cations (Ca2+, Mn2+, Ni2+, and 
Zn2+) moving from the left to the right of the periods.  The surface area and pore 
volume of the exchanged zeolites show a common behavior (Group IA: LiNa-SZ18 
> KNa-SZ18 > RbNa-SZ18; Group IIA: MgNa-SZ18 > CaNa-SZ18 > BaNa-SZ18; 
Group IIA to transition metal groups: CaNa-SZ18 > MnNa-SZ18 > NiNa-SZ18 > 
ZnNa-SZ18).   
 
 
Table 5.5: The physical properties of the metal cation exchanged zeolites calculated 
from nitrogen adsorption data.   
Surface area (m2/g) Pore volume (cm3/g) 
Zeolite 
BET Micropore Micropore 
Mesopore 
/Macropore 
Average pore 
diameter (nm) 
Alkali: 
LiNa-SZ18 
Na-SZ18* 
KNa-SZ18 
RbNa-SZ18 
 
894.8 
813.6 
719.4 
569.8 
 
874.4 
793.8 
702.1 
561.6 
 
0.300 
0.299 
0.265 
0.215 
 
0.074 
0.062 
0.062 
0.027 
 
1.80 
1.78 
1.82 
1.51 
Alkaline: 
MgNa-SZ18 
CaNa-SZ18 
BaNa-SZ18 
 
845.9 
821.5 
553.8 
 
828.8 
804.0 
542.2 
 
0.313 
0.303 
0.206 
 
0.068 
0.067 
0.052 
 
1.80 
1.80 
1.86 
Transition: 
MnNa-SZ18 
NiNa-SZ18 
ZnNa-SZ18 
 
710.0 
574.9 
514.8 
 
694.5 
540.9 
499.9 
 
0.2671 
0.2097 
0.1927 
 
0.0428 
0.0951 
0.0466 
 
1.86 
2.12 
1.76 
*Based zeolite 
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However, the average pore diameters of the metal cation exchanged zeolites 
do not show any common behavior. This is probably due to fact that average pore 
diameter is not only affected by the presence of cations but it is also the experimental 
condition used during cation exchange treatment.  Hence, with appropriate selection 
of cations and experimental conditions used, the properties of adsorbent could be 
improved.  This indicates that the physical changes in zeolites during cation 
exchange process are quite complex.  Although sodium can be easily replaced from 
zeolite framework by cation exchange method, the results shows that as the size and 
charge of cation differ, it affects the properties of the zeolite.  Further evaluation on 
XRD data revealed that there are also some changes to chemical composition (in this 
case the Si/Al ratio), the unit cell parameter and relative crystallinity of the 
exchanged zeolites (Table 5.6).   
 
 
Table 5.6: The physical properties and chemical composition of the metal cation 
exchanged zeolites calculated from XRD data. 
Zeolite 
Unit cell parameter 
(Å) 
Framework Si/Al 
ratio 
Relative crystallinity 
(%) 
Alkali: 
LiNa-SZ18 
Na-SZ18* 
KNa-SZ18 
RbNa-SZ18 
 
24.75 
24.85 
24.95 
24.88 
 
2.0 
1.5 
1.6 
1.4 
 
106 
100 
52 
58 
Alkaline: 
MgNa-SZ18 
CaNa-SZ18 
BaNa- SZ18 
 
24.85 
24.85 
24.88 
 
1.5 
1.5 
1.4 
 
100 
72 
20 
Transition: 
MnNa-SZ18 
NiNa-SZ18 
ZnNa-SZ18 
 
24.75 
24.85 
24.85 
 
2.0 
1.5 
1.5 
 
71 
101 
99 
* Based zeolite 
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In general, the Si/Al ratio of each metal group decreases as the atomic 
number of the cation increases.  The increase indicates the release of Al from zeolite 
framework during cation exchange treatment.  Based on total peak intensities, it was 
also found that the relative crystallinity of metal exchanged zeolites experiences 
some changes.  The intensities of LiNa-SZ18 and NiNa-SZ18 increase exceeding the 
based zeolite.  However, exchanging Na+ with bigger size cation such K+ and Rb+ 
(Group IA) or Ca2+ and Ba2+ (Group IIA) reduces the crystallinity of zeolites.  The 
same result occurs for Mn2+ (Group VIIB) exchanged zeolite.  However, the 
presence of either Ni2+ (VIIIB) or Zn2+ (IIB) in the extra-framework of zeolite only 
results in small changes to the relative crystallinity of the respective zeolites.   
 
 
 
 
5.3 Gas Adsorption Equilibrium 
 
 
 Many adsorption processes carried out in microporous and nanoporous 
material benefits from the small pore sizes.  As the area per unit weight increases, 
the contact between the surface and the adsorbates also increases.  There are, 
however, several factors that influence the adsorption capacity.  Factors such as 
geometrical constraints, adsorbates properties, and surface characteristics affect the 
gas adsorption characteristics of zeolites.  The presence of different cations also 
changes the nature of interaction between adsorbate and adsorbent.  Even though it is 
difficult to assess the effects, this study would give an insight on the effect of 
different cations on gas adsorption characteristics.  Thus, the gas adsorption capacity, 
gas adsorption isotherm, heat of adsorption, and the uptake rate of the adsorbents 
using methane and carbon dioxide as adsorbates were used to elucidate the relative 
effect of the cations on gas adsorption characteristics.   
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5.3.1 Gas adsorption capacity 
 
 
As discussed in Section 5.2, the presence of cation by means of cation 
exchange method causes some changes to the structure and physicochemical 
properties of the zeolites.  When Na+ was exchanged with other cations, new 
physical and chemical environment within the structural framework such as 
electrostatic potentials, and electrical field within the cage as well as the vacant 
space available for the guest within the supercage were altered accordingly 
depending on the exchanged cations.  Based on methodology presented in Chapter 3, 
this section will examine the effect of cations in extra-framework zeolites on gas 
adsorption capacity.  As previously discussed in Chapter 4, Na-SZ18 belongs to 
faujasite group of zeolites.  It consists of primary and secondary cages that can act as 
nano-container for the adsorbates.  Interestingly, the presence of several cations 
improves the performance of metal exchanged zeolite either as methane or carbon 
dioxide adsorbent (Figures 5.15 and 5.16).  Apart from LiNa-SZ18, transition metal 
cation exchanged zeolites may be the choices for methane adsorbent, and MgNa-
SZ18 and CaNa-SZ18 for carbon dioxide adsorbent.  Thus, the following section will 
discuss several aspects that affect the adsorption of methane and carbon dioxide in 
the presence of different cations in zeolites.   
 
 
In the presence of mixed cation in zeolites, the adsorbents react differently 
towards methane and carbon dioxide adsorption.  Results presented in Section 5.2 
show that after cation exchange treatment, the structural, physical and chemical 
composition of the exchanged zeolites experience some changes.  However, the 
XRD spectra showed that the structural framework of metal cation exchanged 
zeolites was retained and this could be the basis for reasonably high adsorption 
capacity of the metal exchanged zeolites.   
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Figure 5.15: The adsorption capacity of methane on the metal cation exchanged 
zeolites at 323K and 137 kPa.   
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Figure 5.16: The adsorption capacity of carbon dioxide on the metal cation 
exchanged zeolites at 323K and 137 kPa.   
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This study shows that exchanging sodium with lithium cation (Li+) increases 
the methane adsorption capacity (20 % higher than Na-SZ18), however the 
adsorption capacity of other metal cation exchanged zeolites (KNa-SZ18 and RbNa-
SZ18) are lower than the based zeolite (Na-SZ18).  The results indicate that the size 
of cation influence the adsorption.  This due to the size of lithium cation (Li+) is 
smaller than the size of Na+ in the based zeolite.  Thus, the pore opening of the 
modified zeolite becomes larger than the based zeolite.  The finding also supported 
the fact that the large pore opening reduces the possibility of pore blockage, thus as 
discussed in Section 4.3.1.3, the adsorbates can easily diffuse through the pore 
opening and adsorb onto the inner side of the cage.  Higher adsorption capacity was 
also obtained after exchanging Na+ with Mg2+ , Mn2+, Ni2+, and Zn2+ which also 
proved that the pore opening influence adsorption characteristics of CH4 on zeolite.  
In both cases, exchanging Na+ with the smaller size cation from Group IA, Group 
IIA and transition metal group improves the adsorption capacity of CH4.     
 
 
Higher CH4 adsorption capacity of transition metal cation exchanged zeolites 
(Figure 5.15) also proved the previous finding (Chapter 4) that surface area and pore 
volume are not the main factor in determining adsorption capacity.  It is shown in 
Table 5.5 that the surface area and pore volume of NiNa-SZ18 and ZnNa-SZ18 are 
relatively lower than Na-SZ18 (based zeolite).  However, the adsorption capacities 
of the modified adsorbents (NiNa-SZ18 and ZnNa-SZ18) are higher than the based 
zeolite (Na-SZ18).  The results also show that crystalline phase also does not directly 
affect the adsorption characteristics of zeolites.  This is shown by the adsorption 
capacity of MnNa-SZ18 in which has lower relative crystallinity than based zeolite.  
In addition, the relative crystallinity of BaNa-SZ18 is very much lower than the 
based zeolite (20 % vs 100 %), the adsorption capacity of BaNa-SZ18 is only 11 % 
less tha the based zeolite.  The results indicate that the encouraging performance of 
CH4 adsorption is due to the presence of Ba2+ cation in the extra-framework of 
zeolite.   
 
 
Meanwhile, the amount of carbon dioxide adsorbed on LiNa-SZ18 was found 
to be slightly less than the based zeolite.  A lesser amount of carbon dioxide was also 
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observed on the other metal cation exchanged zeolite of Group IA.  However, after 
exchanging with Group IIA cations, it was found that MgNa-SZ18 and CaNa-SZ18 
adsorbed more carbon dioxide than the based zeolite.  However, BaNa-SZ18 and the 
transition metal cation exchanged zeolites adsorb less than the based zeolite with the 
percentage of reduction of 14 % and 7 % for BaNa-SZ18 and NiNa-SZ18 
respectively.  As reported in literatures, the results indicate that the charge play 
important role in the adsorption of quadrapolar molecule such as CO2 (Bulow, 2002; 
Hadjiivanov et al., 2003; Khelifa et al., 2004).  Divalent cation could be a choice as 
charge balancing cation in zeolites and the alkaline earth metal (IIA) proved to be 
better than the transition metal.   
 
 
Generally, adsorbents having high surface area would adsorb more gases.  
However, there is no apparent relationship between surface area and the adsorption 
capacity of adsorbates on metal cation exchanged zeolites (Figure 5.17).  The results 
show that even though the surface areas of transition metal exchanged zeolites are 
lower than the based zeolite (Na-SZ18), the adsorption capacity of methane are 
relatively high.  The results suggest that besides the surface area, pore volume, and 
pore diameter of zeolite adsorbent, the properties of cation play important role in the 
adsorption of CH4 on the adsorbents.  Similarly, adsorption capacity of carbon 
dioxide is not directly proportional to the surface area.  Transition metal cation 
exchanged zeolite with low surface area (NiNa-SZ18) adsorb at relatively high 
adsorption capacity.  The results also support the assumption that the surface area is 
not the only determining factor in the adsorption of gases.   
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      (b) 
Figure 5.17: The effect of surface area on gas adsorption capacity of the 
metal cation exchanged zeolites: (a) Methane and (b) carbon dioxide.   
 
 
 
  
211 
In order to investigate the effect of cation properties on the adsorption 
characteristics of CH4 and CO2, the relationship between charge/ionic radius of 
cation and adsorption capacity of CH4 and CO2 was observed (Figure 5.18).  
Generally, it was found that the adsorption capacity increases as the charge/ionic 
radius increases.  Even though it has been mentioned before that there is no specific 
interaction between methane molecules and the zeolite surface, at certain extent, 
non-specific interactions with electrostatic field created by cations might influence 
the adsorption on zeolites.  Again, Figure 5.18(b) shows the effect of charge/ionic 
radius on carbon dioxide adsorption capacity.  Moreover, the presence of cations 
affects gas adsorption capacity of carbon dioxide.  It is an acceptable fact that 
surface area and pore volume provide space for the encapsulation of adsorbates 
inside the pore, the presence of cation becomes an additional factor for high 
adsorption capacity of gases.   
 
 
The results also reveal that the electrostatic field created in the presence of 
cations might influence the adsorptivity of methane.  There is linear relationship 
between charge/ionic radius of cation and the adsorption capacity of methane that 
verifies the role of cation in the adsorption methane.  In the case of carbon dioxide 
adsorption, the interactions between carbon dioxide and the metal cation are still 
exist, however there are also other factors that affect the adsorption of carbon 
dioxide.  The strength of the dipole moment interacts with the adsorption sites other 
than the cation might be the reason for non-linear relationship between the 
adsorption capacity and the cations.  Moreover, it is also important to realize that the 
actual pore diameters in zeolite structures depends on the type of cation present 
because cations could occupy certain position, in which it might block the pore 
opening.  However, in most cases, the molecules could adapt the aperture upon 
adsorption because of the flexibility of the framework.  The degree of flexibility is a 
function of the framework structures in the presence of extra-framework cations and 
molecules (Coker et al., 1998).  This explains why cation such as K+ would allow 
methane and carbon dioxide to penetrate through the pore window into the cage of 
the zeolites.   
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 (b) 
Figure 5.18: The effect of charge/ionic radius on adsorption capacity of the metal 
cation exchanged zeolites: (a) methane and (b) carbon dioxide.   
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Similarly, the presence of a divalent cation replacing two sodium ions would 
enlarge the window aperture, thus allowing the adsorbates to diffuse easily into the 
inner side of the cage (Kurama et al., 2002; Kaushik et al., 2002; Sato et al., 2003).  
However, as the diameter of cation increases, the molecules could only adsorbed in 
the supercages.  Khelifa et al. (1999) have reported that exchanging sodium with 
divalent cation results in two consequences, total number of cation in the supercages 
decreases and carbon dioxide could not adsorb in the sodalite cages for larger size 
cation.  This indicates that cation could play a major role in controlling access to the 
sodalite cages and supercages.  As discussed in Section 5.2.3, the surface area was 
affected by cation exchange treatment.  Samples such as RbNa-SZ18 and BaNa-
SZ18 were obviously affected as the surface area were reduced from 793.8 m2/g to 
569.8 m2/g and 553.8 m2/g respectively.  Consequently, the adsorption capacity of 
the sample was also reduced.  However, further evaluation on the effect of cation 
was carried out by determining the surface coverage of the adsorbents (Table 5.7).   
 
 
This study shows that the surface coverage increases as methane was 
adsorbed on several types of zeolites such as LiNa-SZ18, RbNa-SZ18, MgNa-SZ18, 
and BaNa-SZ18.  Similarly, the surface coverage of transition metal cation 
exchanged zeolites was also increased.  These results suggest that the charge and size 
of cation have greater influence on adsorption characteristics of methane.  As the 
size of cation might affect the cation exchange capacity (CEC), thus limits the 
amount of other metals present as extra-framework cation.  However, at the same 
time, the charge density might influence the amount of adsorbate adsorbed which 
explain reason for higher surface coverage of transition metal cation exchanged 
zeolites.   
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Table 5.7: The surface coverage of methane and carbon dioxide for the metal cation 
exchanged zeolite adsorbents.   
Fraction of surface coverage, (θR) 
Zeolite 
CH4 CO2 
Alkali: 
LiNa-SZ18  
Na-SZ18* 
KNa-SZ18  
RbNa-SZ18 
 
1.60 
1.47 
1.27 
1.52 
 
0.37 
0.43 
0.31 
0.42 
Alkaline: 
MgNa-SZ18  
CaNa-SZ18  
BaNa-SZ18 
 
1.50 
1.37 
1.92 
 
0.44 
0.45 
0.54 
Transition: 
MnNa-SZ18 
NiNa-SZ18 
ZnNa-18 
 
1.97 
2.55 
2.28 
 
0.23 
0.63 
0.49 
* Based zeolite 
 
 
As presented in Table 5.1, the ionic radius of transition metal cation (divalent 
cation) is much smaller than sodium cation that results in larger pore opening.  Thus, 
it will allow more adsorbate molecules gain access to the inner cavity of the zeolite.  
This fact is also supported by the surface coverage of carbon dioxide on alkaline 
earth metal cation exchanged zeolites (MgNa-SZ18, CaNa-SZ18, and BaNa-SZ18) 
and transition metal exchanged zeolites (NiNa-SZ18 and ZnNa-SZ18).  Similar 
findings were also reported by Qian and Yan (2001) and Kaushik et al. (2002) in 
which the cations influence the adsorption capacity of gases.  Hence, these results 
suggest that by introducing selected cations, the performance of zeolite adsorbent for 
methane and carbon dioxide could be improved.   
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5.3.2 Gas adsorption isotherms 
 
 
In order to understand the methane and carbon dioxide adsorption 
phenomena on different types of cation exchanged zeolites, the adsorption isotherms 
were measured by varying the pressure at 298 K.  The changes on the adsorption 
isotherms of methane on metal cation exchanged zeolites are shown in Figures 5.19, 
5.20, and 5.21.  As discussed in Chapter 4, the adsorption isotherms of methane 
show linear relation between the amount adsorbed and the pressures in which 
indicating the adsorption is far from saturation.  The isotherms also indicate the 
slowness of methane adsorption that needs longer time to reach equilibrium.  The 
effects of different cations are depicted in the adsorption isotherms.  As the atomic 
number of alkali metals increase, the slopes of adsorption isotherm curves increase.  
Similarly, the slope of alkaline earth metal adsorption isotherm curves are also 
increase as the atomic number and the size of metal cations increase down the group 
(Group IIA).  In most cases where a small amount of sodium cations are still present 
in the zeolite extra-framework, the presence of larger size cations improves the 
adsorption characteristics of methane.  These phenomena are supported by the 
adsorption isotherm of transition metals exchanged zeolites, in which smaller size 
cations could be the reason for lower adsorption isotherms. 
 
 
The results also show that after cation exchange treatment, the presence of 
cations such as Rb+ and Ba2+ resulting more methane being adsorbed on the 
exchanged zeolites.  These cations act as strong adsorptive centers that attract the 
methane molecules to the respective site, thus lead to high adsorption capacity.  In 
the case of carbon dioxide, the adsorption increases rapidly particularly at relative 
pressure (P/Po) less than 0.1.  However, this study shows that as the adsorbed gas 
concentration increases, the influence of cation gradually reduces, and the effect of 
pore volume becomes more profound.  This is clearly shown as the pressures 
reaching 1 bar.   
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Figure 5.19: The CH4 adsorption isotherm of the alkali metal cation exchanged 
zeolites. 
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Figure 5.20: The CH4 adsorption isotherms of the alkaline earth metal cation 
exchanged zeolites. 
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Figure 5.21: The CH4 adsorption isotherms of the transition metal cation exchanged 
zeolites. 
 
 
In contrast to methane adsorption, the adsorption isotherms of carbon dioxide 
show that the effect of different metal cation is more pronounced than methane 
(Figures 5.22, 5.23, and 5.24).  It was shown by the adsorption isotherm curves of 
carbon dioxide show a gradual increase leading to saturation suggesting possible 
monolayer coverage of gas on the surface of the adsorbent (Malik, 2004), whereas 
the adsorption isotherm of methane is rather a straight curve (Figures 5.19, 5.20, and 
5.21).  The differences on adsorption isotherm curves of carbon dioxide proved that 
the metal cations affect the physical and chemical properties of zeolites, and thus 
affecting the adsorption characteristics of the gases (Bellat et al., 1995; Hutson et al., 
1999; Trigueiro et al., 2002; Khelifa et al., 2004).   
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Figure 5.22: The CO2 adsorption isotherms of the alkali metal cation exchanged 
zeolites. 
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Figure 5.23: The CO2 adsorption isotherms of the alkaline earth metal cation 
exchanged zeolites. 
 
 
  
219 
0
20
40
60
80
100
120
0.0 0.2 0.4 0.6 0.8 1.0
P/Po
V
o
lu
m
e 
ad
so
rb
ed
 (
cm
3
/g
)
MnNa-SZ18 NiNa-SZ18
Na-SZ18 ZnNa-SZ18
 
Figure 5.24: The CO2 adsorption isotherms of the transition metal cation exchanged 
zeolites. 
 
 
In general, the cation alters the electrostatic field within the zeolite cavities 
and hence, it influences the amount of methane and carbon dioxide adsorbed on 
zeolite surface.  Due to different adsorbate properties, methane and carbon dioxide 
adsorptions show different patterns toward different group of cations.  Similar 
observation was also reported by Maurin et al. (2005c).  The amount of gas adsorbed 
increases as the atomic number of cations increased even though the surface area and 
pore volume decrease.  As shown by the slope of the curves, at pressure below 1 bar, 
the charge and size of cations have stronger influence on gas adsorption than the 
surface area and micropore volume of the metal cation exchanged zeolites.  In order 
to elucidate further, the experimental data obtained from different metal cation 
exchanged zeolites are fitted into the adsorption isotherm model equations.  The 
model equations are also used to determine the model constants that could 
demonstrate the effect of metal cation in extra-framework zeolites on methane and 
carbon dioxide adsorption (Tables 5.8 and 5.9).  The experimental data of methane 
adsorption isotherm of cation exchanged zeolites and the predicted adsorption 
isotherm based on calculated parameters of Henry’s and Freundlich equations are 
shown in Figure 5.25.   
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Figure 5.25: The adsorption isotherm of methane fitted into Henry and Freundlich 
equations: (a) LiNa-SZ18 and (b) MgNa-SZ18. 
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The result shows that Henry’s equation could describe well the adsorption of 
methane.  This indicates that adsorption occurs in a dilute form.  The validity of this 
model is further verified on Freundlich plot in which the values of n are close to 
unity.  However, for carbon dioxide adsorption, the linear region appears at 
extremely low pressure.  In this case, Henry’s equation is not a suitable model 
equation for carbon dioxide adsorption since the adsorption does not occur in dilute 
form.  Thus, based on volumetric adsorption, the experimental data were fitted into 
Freundlich (Eq. 2.5), Langmuir (Eq. 2.3) and Dubinin-Polanyi (Eq. 2.10) equations 
and the model parameters were determined.  The experimental data of adsorption 
isotherm of metal cation exchanged zeolites and the predicted adsorption isotherms 
based on Freundlich (Eq. 2.5), Dubinin-Polanyi (Eq. 2.3), and Langmuir (Eq. 2.10) 
equations are presented in Figures 5.26 and 5.27.   
 
 
It is found that Dubinin-Polanyi equation (Eq. 2.10) is better than Freundlich 
equation in describing carbon dioxide adsorption.  In addition, this study also shows 
that the adsorption data could nicely fit into Langmuir equation (Eq. 2.3).  Since 
Langmuir equation based on monolayer adsorption, adsorbents with high surface 
area would adsorb more gases.  In relation to Freundlich equation (Eq. 2.5), the 
adsorption capacity of carbon dioxide shows no limit, it would increase leading to 
infinity (Figure 5.26).  This is due to the fact that Freundlich equation is only 
applicable at below saturation level (Yang, 1997).   
 
 
As discussed in Chapter 2, studies on metal cation exchanged zeolite were 
mainly focused on the physical changes (Shibata and Seff, 1997; Armor, 1998; Choi 
et al., 2000; Trigueiro et al., 2002; Ohman et al., 2002; Kaushik et al., 2002; Kurama 
et al., 2002; Sato et al., 2003; Nery et al., 2003; Barros et al., 2004; Velu et al., 
2005).  Thermodynamic study on metal cation exchanged zeolites was limited to 
adsorption isotherm curves and adsorption capacity of the adsorbates (Bellat et al., 
1995; Hutson et al., 1999; Kazansky et al., 2001).  
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Figure 5.26: The adsorption isotherm of carbon dioxide fitted into Freundlich and 
Dubinin-Polanyi equations: (a) LiNa-SZ18 and (b) MgNa-SZ18.   
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Figure 5.27: The adsorption isotherm of carbon dioxide fitted into Langmuir 
equation: (a) LiNa-SZ18 and (b) MgNa-SZ18. 
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The difference in Henry’s (k) and Freundlich (K) constants could be 
associated to the presence of different extra-framework cations that influence the 
behavior the zeolites (Choudhary and Mayadevi, 1996; Kazansky et al., 2001; Barros 
et al., 2004).  During the adsorption, the adsorbates would occupy the active sites 
belonging to the extra-framework cations.  The amount of adsorbates adsorb on the 
adsorption sites is dependent on the quantity of the cation present and their location 
in the cavities.  It is found that, except for transition metal groups, the model 
constant values increase as the atomic number increases.  As discussed in Chapter 4, 
the porosity and void volume of the zeolites used in this study could also experience 
some changes due to adsorption swelling or structural defects.  Thus, as shown in 
Appendix D3, it would result in several percent of errors. 
 
 
Table 5.8: The model constants calculated from the best fitting of methane 
adsorption isotherm for metal exchanged zeolites.   
 * Based zeolite 
 
Henry’s 
(Eq. 2.1) 
Freundlich 
(Eq. 2.5) 
Dubinin-Polanyi 
(Eq. 2.10) Zeolite 
k K α C D 
Alkali: 
LiNa-SZ18 
NaSZ-18* 
KNa-SZ18 
RbNa-SZ18 
 
6.12 
7.44 
7.31 
10.84 
 
6.36 
7.50 
7.51 
10.77 
 
1.03 
1.00 
1.04 
0.99 
 
1.33 
1.52 
1.49 
1.87 
 
0.27 
0.27 
0.27 
0.26 
Alkaline: 
MgNa-SZ18 
CaNa-SZ18 
BaNa-SZ18 
 
6.63 
7.70 
11.51 
 
6.61 
7.75 
11.70 
 
1.00 
1. 00 
1.00 
 
1.40 
1.56 
1.94 
 
0.  27 
0.  27 
0.  26 
Transition: 
MnNa-SZ18 
NiNa-SZ18 
ZnNa-SZ18 
 
6.96 
5.18 
5.28 
 
7.05 
5.51 
5.36 
 
0.99 
0.94 
0.98 
 
1.41 
1.20 
1.14 
 
0.24 
0.23 
0.24 
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Another evident on the role of cation is the presence of Rb+ and Ba2+ in 
zeolites that lead to increase the Henry’s and Freundlich constants for methane.  
After metal cation exchange treatment, both zeolites (RbNa-SZ18 and BaNa-SZ18) 
have lower crystallinity, surface area and pore volume than the based zeolite (Na-
SZ18).  However, in the presence of these cations, the adsorption sites and the 
electrostatic field might increase, thus increase the adsorption of methane. Hence, it 
could be assumed that at extremely low concentration, cations could play important 
role in gas adsorption since the adsorbates could adsorb at any adsorption sites which 
have larger electrostatic fields.  In this case, surface area and pore volume would not 
significantly influence the adsorption of methane.   
 
 
Again, the constants obtained were used to examine the effect of cations on 
carbon dioxide adsorption (Table 5.9).  From the Freundlich model constant (α), it is 
proved that carbon dioxide adsorptions are no longer in dilute condition (α ≠ 1), in 
fact, it almost reaches the saturation point (plateau).  The presence of Li+ increases 
the value of α  from 0.38 to 0.57.  With other monovalent cations of higher atomic 
number, the value decreases.  The values indicate that the properties of cation (the 
size of the cation) influence the adsorption characteristics of the adsorbent.  The 
effect would be on the diffusivity and the interaction between adsorbate and the 
adsorbent.  Similarly, the constant (n) decreases in the presence of divalent cations 
(Group IIA and transition metal) after metal cation exchange treatment.  In the 
presence of Group IA and IIA cations, another constant (K) value decreases as the 
atomic number increases.  Likewise, as the atomic number of the transition metal 
cations increases, the K values are also decreases.  In this case, the size of cation 
might strongly influence the K values of the metal cation exchanged zeolite.  The 
limitation of this equation lies on the fact that it would reach infinity as the pressure 
increases.  
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Table 5.9: The model constants calculated from the best fitting of carbon dioxide 
adsorption isotherm for metal cation exchanged zeolites.   
 
 
On the other hand, the maximum amount of carbon dioxide adsorbed (qm) 
could be determined using Langmuir equation.  As mentioned earlier, Langmuir 
equation is based on monolayer adsorption.  This might explain the reason for high 
qm value for LiNa-SZ18 sample as the surface area of LiNa-SZ18 is relatively higher 
than the based zeolite.  However, this study also revealed that the high surface area is 
not the only factor determining the amount of carbon dioxide adsorbed.  Even though 
the surface area of MgNa-SZ18 and CaNa-SZ18 are higher than the based zeolite, 
the qm values are still lower than the Na-SZ18.  This phenomenon also indicates the 
possible influence of cation on gas adsorption.   
 
 
 As reported by Li and Gu (2004), the potential theory based on Dubinin-
Polanyi equation could be used to describe the adsorption of pure component.  The 
Freundlich Langmuir Dubinin- Polanyi 
Zeolite 
α K k qm C D 
Na-SZ18 0.38 115.58 10.60 108.78 4.59 0.11 
Alkali: 
LiNa-SZ18 
KNa-SZ18 
RbNa-SZ18 
 
0.57 
0.28 
0.36 
 
90.92 
90.02 
72.24 
 
3.73 
18.21 
16.09 
 
106.62 
84.07 
63.27 
 
4.33 
4.38 
4.10 
 
0.16 
0.83 
0.09 
Alkaline: 
MgNa-SZ18 
CaNa-SZ18 
BaNa-SZ18 
 
0.15 
0.16 
0.08 
 
92.76 
72.97 
66.69 
 
4.67 
5.10 
18.64 
 
94.78 
67.63 
59.24 
 
4.29 
4.01 
4.05 
 
0.15 
0.16 
0.09 
Transition: 
MnNa-SZ18 
NiNa-SZ18 
ZnNa-SZ18 
 
0.16 
0.16 
0.18 
 
79.84 
79.04 
68.03 
 
3.17 
3.69 
2.39 
 
83.66 
80.24 
73.18 
 
4.03 
4.04 
3.82 
 
0.16 
0.16 
0.11 
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characteristic curve obtained, assumed to be temperature invariant could be used to 
predict the adsorption equilibrium at other temperatures and determine the 
characteristic energy by the slope of linearized Dubinin-Polanyi equation since D = 
(RT/E)2.  Consequently, the constants (C and D) could be obtained by fitting the 
experimental data into Dubinin-Polanyi equation (Yang, 1987), in which the 
characteristic curves could be plotted for particular adsorption system.  The results 
obtained indicate that the characteristic curves are more likely influenced by the 
properties of the adsorbates with minimum effect by the cations.  This is due to the 
fact that the constants C is in the range of 1.00-2.00 for methane and 3.00 -4.50 for 
carbon dioxide, and constant D is in the range of 0.20 – 0.30 for methane and 0.10 – 
0.90 for carbon dioxide.  It was found that the correlation between the experimental 
data obtained and Langmuir equation is better than the Dubinin-Polanyi equation.  
The finding is in good agreement with Choudhary et al. (1995) in which reported 
that Langmuir could be used to describe adsorption on faujasite type zeolites (NaX 
and NaY). 
 
 
 
 
5.3.3 Heat of adsorption 
 
 
 According to Hutson et al. (1999), heterogeneity in zeolites results from a 
number of causes including mixed population of charge compensating cations.  In 
the modification procedures, the sodium cation is not completely exchanged.  
Therefore, the adsorbents used in this study consist of two types of metal cations. 
Hence, the adsorption sites would differ depending on type of cation present.  
Furthermore, the proportion of cation may vary from one cavity to another, thus the 
behavior would become more complex.  The heterogeneity could be determined by 
isosteric heat of adsorption (ΔHST).  The isosteric heat of adsorption is evaluated at 
constant loading that result in a positive quantity.  However, only differential heat of 
adsorption (ΔH) could be determined using the gravimetric method.  Differential 
heat of adsorption, however, is calculated by isothermal condition of differential 
amount of adsorbates.  The observed small difference in ΔH suggests the extent of 
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interactions between the adsorbate and the adsorbent.  However, according to Heo 
and Lim (1996), high densities of molecules crowded in a zeolite cavity within 
limited volume may enhance induced dipoles, thus the interaction energies among 
molecules might be greater than physisorbed molecules.   
 
 
 This study shows that the presence of other cations as charge balancing 
cation alters the adsorption characteristics (Table 5.10).  However, the adsorption 
still remains as physical adsorption (physisorption).  As for methane adsorption, the 
presence of smaller cation such as Li+ leads to higher ΔH.  This value suggests that 
for non-polar molecules with non-specific interaction between adsorbate and 
adsorbent, the pore size might play a role in determining the adsorption of the 
molecules. This is reflected by ΔH values of the metal cation exchanged zeolites 
(LiNa-SZ18 and RbNa-SZ18).  In addition, Zhao et al. (2001) suggested that for 
non-polar molecules, the decrease in the heat of adsorption caused by energetic 
heterogeneity of the surface.   
 
 
The simulated values obtained are in the range of 14 – 19 kJ/mol (Maurin et 
al., 2005c).  As suggested by Maurin et al. (2005c), the differences in the enthalpies 
are due to the combination of two effects, the variation of the number of cations 
which give rise to a different magnitude of electric field and the enhancement of 
adsorbate-adsorbent interactions due to high accessibility of cation sites in NaY 
compared to Na-SZ18.   
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Table 5.10: The enthalpy and entropy change in the adsorption of methane and 
carbon dioxide. 
Zeolite Methane Carbon dioxide 
 ΔH (kJ/mol) ΔS (J/mol.K) ΔH (kJ/mol) ΔS (J/mol.K) 
Na-SZ18 
LiNa-SZ18 
RbNa-SZ18 
13.38 
15.50 
10.55 
58.32 
60.58 
71.45 
6.01 
3.08 
4.60 
66.64 
53.51 
59.92 
 
 
However, for molecules such as carbon dioxide, the presence of quadrapole 
moment requires specific adsorption sites for adsorption to occur.  Even though after 
the metal cation exchanged treatment, the porosity of the metal cation exchanged 
zeolites increases (e.g. LiNa-SZ18), the number of adsorption sites might be 
decreases thus affect the adsorptivity of carbon dioxide.  In addition, strong 
interaction between adsorbate and adsorbent that restricting the mobility of the 
molecules could be the reason for low adsorption capacity.  As reported by 
Choudhary and Mayadevi (1996), ΔS values indicate the extent of mobility of the 
adsorbed molecules in the respective pores.  In this case where both molecules 
present as supercritical fluids, ΔS values appears to be insignificant difference 
between methane and carbon dioxide. 
 
 
 
 
5.4 Gas Adsorption Kinetics 
 
 
 The adsorption kinetics of metal cation exchanged zeolites was investigated 
using the gravimetric dynamic adsorption method.  In principle, the adsorption 
process of adsorbates in porous materials such as zeolites involves molecular 
diffusion in which molecules collides in large pores, then diffusion into meso- or 
micropores, pore filling, and finally adsorbate interaction with zeolite surface.  
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According to Cui et al. (2004), gas transport is mainly influence by the adsorbate 
molecular geometry and the pore structure.  However, this section would examine 
the characteristics of diffusion in zeolite pore network, the uptake rate, and the 
equilibrium time in the presence of mixed cations in the zeolite structural 
framework.   
 
 
 
 
5.4.1 Gas adsorption uptake curve 
 
 
As discussed in Chapter 2, root t-law (Eq. 2.28) could be applied for a short 
time region in which the fractional uptake curve of metal exchanged zeolite 
adsorbents could be plotted against t. Figures 5.28 - 5.30 show that as different 
cation replacing sodium, different adsorption uptake curves were obtained.  As 
reported by Hutson et al. (1999) the cation exchange capacity (CEC) of lithium is 
higher than the other alkali metal cations (K+ and Rb+).  As the size of lithium cation 
smaller than sodium, it is assumed that the adsorbate molecules could easily diffuse 
into the network pore system. In addition, the presence of lithium increases the 
surface area and crystallinity of could be the reason why LiNa-SZ18 reaches the 
maximum capacity faster than the other adsorbents (Figure 5.28).  Different 
phenomena were observed for divalent metal cations exchanged zeolites.  The charge 
and the size of cation such as Ba2+ affect the adsorption characteristics of adsorption. 
The uptake rate of alkaline earth metal zeolite is in the order of BaNa-SZ18 > CaNa-
SZ18 > MgNa-SZ18, indicates that metal cation will influence the adsorption 
characteristics of methane on zeolites (Figure 5.29).  However, the presence of 
transition metal in zeolite gives less effect to the adsorption of methane (5.30). 
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Figure 5.28: The methane fractional uptake curves of the alkali metal cation 
exchanged zeolites. 
 
 
0.0
0.2
0.4
0.6
0.8
1.0
0 20 40 60 80 100
t (min)
q
/q
m
MgNa-SZ18
CaNa-SZ18
BaNa-SZ18
Na-SZ18
 
Figure 5.29: The methane fractional uptake curves of the alkaline earth metal cation 
exchanged zeolites. 
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Figure 5.30: The methane fractional uptake curves of transition metal exchanged 
zeolites. 
 
 
The presence of larger cation size such as Ba2+ induces more electrostatic 
field that could attract molecules to the adsorption sites.  Hence, in alkaline earth 
metal exchanged zeolites, it is found that BaNa-SZ18 reaches the maximum capacity 
faster than MgNa-SZ18 and CaNa-SZ18.  These phenomena support the fact that the 
cation has a certain degree of influence on gas adsorption process.  The effects of 
different cations are also shown in carbon dioxide adsorption.  The carbon dioxide 
adsorption behavior of monovalent metal cation exchanged zeolites is presented in 
Figure 5.31.  The curves are convex in nature but each sample would achieve 
maximum capacity at different time.  It was also found that the presence of divalent 
metal cations in zeolite changes the adsorption characteristics of carbon dioxide.  
Figures 5.32 and 5.33 show the presence of two stages of adsorption.  Since the 
quadrapole moment of carbon dioxide interacts strongly with cation, the presence of 
mixed cations in the zeolite adsorbents could be the reason for the observed 
phenomena.  
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Figure 5.31: The carbon dioxide fractional uptake curve of alkali metal cation 
exchanged zeolite. 
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Figure 5.32: The carbon dioxide fractional uptake curve of alkaline earth metal 
cation exchanged zeolite. 
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Figure 5.33: The carbon dioxide fractional uptake curve of transition metal cation 
exchanged zeolites.   
 
 
 
 
5.4.2 Initial adsorption rate 
 
 
As previously discussed in Chapter 4, the cations could be one of the sites for 
adsorption to occur.  Therefore, further investigation was carried out to study the 
influence of different cations on the adsorption inside the pore network.  In this 
section, the initial adsorption rate was calculated based on dynamic adsorption data 
of methane and carbon dioxide (Table 5.11).    
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Table 5.11: The initial adsorption rate and equilibrium time of metal cation 
exchanged zeolites.   
Initial adsorption rate 
(mol/sec) x 106 Sample 
CH4 CO2 
Alkali: 
LiNa-SZ18  
Na-SZ18* 
KNa-SZ18 
RbNa-SZ18 
 
5.35 
3.57 
1.24 
1.48 
 
5.25 
3.53 
5.11 
9.64 
Alkaline: 
MgNa-SZ18 
CaNa-SZ18 
BaNa-SZ18 
 
1.93 
3.31 
6.81 
 
5.01 
3.80 
6.15 
Transition: 
MnNa-SZ18 
NiNa-SZ18 
ZnNa-SZ18 
 
5.86 
4.40 
5.18 
 
0.59 
2.48 
0.95 
* Based zeolite 
 
 
The introduction of metal cation into zeolite structures affects relative 
crystallinity of the metal cation exchange zeolites ranging from 20 % to 106 %.  
Until now, there is no concrete evident that the relative crystallinity has much 
influence on the initial adsorption rate of methane and carbon dioxide.  As a matter 
of fact, RbNa-SZ18 in Group IA metal cation with relative crystallinity of 58 % has 
higher carbon dioxide adsorption rate (9.64 mol/s) than LiNa-SZ18 (5.25 mol/s), and 
even BaNa-SZ18 (RC = 20 %) has relatively high initial adsorption rate (6.15 mol/s).  
However, the presence of transition metal does not improve the initial adsorption 
rate of the respective zeolites. The same observation was reported by Khelifa et al. 
(1999) in which the introduction of transition metal into zeolite by cation exchange 
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method leads to decrease the adsorption affinity of carbon dioxide but this does not 
the case for divalent cation of alkaline earth metals. This could be due to the 
depopulation of cationic sites distributed within the supercages. This is also another 
evident that cation plays an important role in the adsorption of gases.  
 
 
Conversely, for methane adsorption, large pore opening and large pore 
volume could also be the reason for high initial adsorption rate.  This is clearly 
indicated by examining the effect of cation on methane initial adsorption rate of 
BaNa-SZ18 and transition metal cation exchanged zeolites (MnSZ-18, NiNa-SZ18, 
and ZnNa-SZ18).  None of these samples have higher crystallinity and surface area 
than the based zeolite. However, the results show that the initial adsorption rates of 
those metal cation exchanged zeolites are relatively higher than the based zeolite.  
Thus, the presence of cation could enhance the adsorptive properties of the 
adsorbents even though the structural properties of the adsorbent itself decrease.  
This result is in good agreement with a study by Ackley and Yang (1991) in which 
the uptake was strongly influenced by the type, number and location of the cation.  
In relation to the effect of cation on the adsorption rate of methane and carbon 
dioxide, the initial adsorption of the metal cation exchanged zeolites were plotted 
against charge/radius of cations (Figure 5.34).  
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(b) 
Figure 5.34: The effect of cation’s properties on initial adsorption rate for different 
adsorbates: (a) methane and (b) carbon dioxide.   
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The results obtained show that as charge/ionic radius of alkali metal 
increases, the initial adsorption rate increases.  The presence of transition metal 
cations in zeolites gives similar affects on the adsorption rate of methane the metal 
cation exchanged zeolites.  In contrast, when the sodium cation was exchanged with 
alkaline earth metal cations, the initial adsorption rate decreases as the ionic radius 
increases as going down the group in the Periodic Table.  This finding suggests that 
the initial adsorption rates are not only affected by electrostatic charge but also the 
size of the cations.   
 
 
 
 
5.4.3 Adsorption equilbrium time 
 
 
As mentioned in Section 4.4.2.2, adsorption equilibrium time is important in 
the adsorbent selection that needs to be used in any adsorption process.  There are 
many factors that attribute to the time taken for adsorption to complete.  After the 
cation exchanged treatment, the structural and physical properties of zeolite 
adsorbents were altered.  Table 5.12 shows that the several zeolites need longer time 
to reach equilibrium after the metal cation exchange treatment.  
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Table 5.12: The adsorption equilibrium time of methane and carbon dioxide 
adsorbed on metal cation exchanged zeolites. 
Adsorption equilibrium time (min) 
Zeolite 
CH4 CO2 
Alkali: 
LiNa-SZ18 
Na- SZ18* 
KNa-SZ18 
RbNa-SZ18 
 
155 
125 
290 
180 
 
180 
56 
70 
45 
Alkaline: 
MgNa-SZ18 
CaNa-SZ18 
BaNa-SZ18 
 
205 
125 
55 
 
90 
150 
150 
Transition: 
MnNa-SZ18 
NiNa-SZ18 
ZnNa-SZ18 
 
80 
105 
120 
 
140 
135 
190 
* Based zeolite 
 
 
However, the changes are also followed by some improvement particularly in 
the adsorption capacity of several types of zeolites.  The extent of relationships 
between structural, physical and chemical properties of zeolites, and the equilibrium 
time of methane and carbon dioxide are presented in Figures 5.35, 5.36, and 5.37.  It 
is quite difficult to determine factor(s) that influence the equilibrium time of the 
adsorption, in fact the complexity arises as a combination between these properties 
might influence the adsorption characteristics of the gases.  However, the 
monovalent cation exchanged zeolites behave differently from divalent cation 
exchanged zeolites.   
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(b) 
Figure 5.35: The effect of relative crystallinities on adsorption equilibrium time: (a) 
methane and (b) carbon dioxide. 
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Figure 5.36 also shows that the surface area affects the adsorption 
equilibrium time of methane adsorption particularly for the divalent metal cation 
exchanged zeolites. On contrary, the adsorption equilibrium time for carbon dioxide 
adsorption is affected by the surface area of monovalent metal cation exchanged 
zeolites.  The relationships between of cation properties (charge/radius) and the 
adsorption equilibrium time are shown in Figure 5.37.  In the adsorption of methane, 
the equilibrium time increases as the charge/ionic radius of alkaline earth metal 
cation increases.   
 
 
However, opposite relationships were obtained for alkali and transition metal 
groups.  For carbon dioxide adsorption, the adsorption equilibrium time of alkali 
metal increases as the charge/ionic radius increases, but alkaline earth metal and 
transition metal groups experience the opposite effect.  Thus, these findings show 
that it is difficult to determine factors that influencing the adsorption equilibrium 
time of methane and carbon dioxide.  The results also show that some variations 
occurred to the gas adsorption characteristics in the presence of different groups of 
cations.  
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(b) 
Figure 5.36: The effect of zeolites surface area on the adsorption equilibrium time: 
(a) methane and (b) carbon dioxide. 
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(b) 
Figure 5.37: The effect of cations properties on adsorption equilibrium time: (a) 
methane and (b) carbon dioxide. 
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5.4.4 Gas diffusivity 
 
 
5.4.4.1 Bulk phase gas diffusivity 
 
 
As reported by Yeh and Yang (1990), diffusion in metal cation exchanged 
zeolites has been the subject of many discussions since it might involves blocked 
micropores and covered adsorption sites.  However, the used of faujasite type zeolite 
(Na-SZ18) would reduce the possibility of blocked micropores since the pore 
opening is large enough to avoid any blockage to occur.  As presented in Chapter 4, 
the molecular diffusions of methane and carbon dioxide in bulk phase and 
macropores are relatively faster than micropore diffusion.  Therefore, rather than 
focusing on the molecular diffusion, this section will focus on gas diffusion inside 
the micropore structures and the effect of different cations on gas diffusivity. 
 
 
 
 
5.4.4.2 Internal pore diffusivity 
 
 
The presence of larger cations such as Rb2+, K+, and Ba2+ would not 
significantly affect the micropore diffusivities of the adsorbates (methane and carbon 
dioxide) since the kinetic diameters of the adsorbates are smaller than the typical 
pore opening of faujasite type zeolites.  It is further proved by the Knudsen numbers 
in which the changes are relatively small after the metal cation exchange treatment 
(Table 5.13).  It is also shown that the average pore diameter of the zeolites does not 
significantly change after metal cation exchanged treatment.   
 
 
In addition, as previously discussed in Section 4.4.3.2, diffusion in 
microporous zeolite could also be classified either Knudsen or configurational 
diffusion.  Based on average pore diameter of the metal cation exchanged zeolites 
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and molecular diameter of the adsorbate , it was found that methane and carbon 
dioxide diffusions also fall into Knudsen diffusion (Table 5.14).  The values obtained 
indicate that except for transition metal cation exchanged zeolites, the ratios between 
adsorbate molecular diameter and the pore diameter are in the range of 0.21to 0.25 
for methane and 0.16 to 0.18 for carbon dioxide.  In this study, the presence of Mn2+ 
increases the ratio whereas the presence of Ni2+ causes the ratio to drop, relatively 
lower than the other metal cation exchanged zeolites.   
 
 
Table 5.13: The Knudsen number (NKn) and diffusional characteristics of metal 
cation exchanged zeolites.   
CH4 CO2 
Zeolites 
NKn Types of diffusion NKn Types of diffusion 
Alkali: 
LiNa-SZ18 
KNa-SZ18 
RbNa-SZ18 
 
28.5 
27.9 
33.6 
 
Knudsen 
Knudsen 
Knudsen 
 
37.4 
37.0 
44.6 
 
Knudsen 
Knudsen 
Knudsen 
Alkaline: 
MgNa-SZ18 
CaNa-SZ18 
BaNa-SZ18 
 
28.2 
28.2 
27.3 
 
Knudsen 
Knudsen 
Knudsen 
 
37.4 
37.4 
36.2 
 
Knudsen 
Knudsen 
Knudsen 
Transition: 
MnNa-SZ18 
ZnNa-SZ18 
NiNa-SZ18 
 
30. 8 
28.8 
23.9 
 
Knudsen 
Knudsen 
Knudsen 
 
40.8 
38.2 
31.7 
 
Knudsen 
Knudsen 
Knudsen 
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Table 5.14: The diffusional characteristics of metal cation exchanged zeolites.   
Methane Carbon dioxide 
Zeolites 
dave 
(nm) 2r/dave 
Types of 
diffusion 
2r/dave 
Types of 
diffusion 
Group IA: 
LiNa-SZ18 
KNa-SZ18 
RbNa-SZ18 
 
1.80 
1.82 
1.51 
 
0.21 
0.21 
0.25 
 
Knudsen 
Knudsen 
Knudsen 
 
0.18 
0.18 
0.22 
 
Knudsen 
Knudsen 
Knudsen 
Group IIA: 
MgNa-SZ18 
CaNa-SZ18 
BaNa-SZ18 
 
1.80 
1.80 
1.86 
 
0.21 
0.21 
0.20 
 
Knudsen 
Knudsen 
Knudsen 
 
0.18 
0.18 
0.18 
 
Knudsen 
Knudsen 
Knudsen 
Transition: 
MnNa-SZ18 
NiNa-SZ18 
ZnNa-SZ18 
 
1.65 
2.12 
1.76 
 
0.21 
0.21 
0.20 
 
Knudsen 
Knudsen 
Knudsen 
 
0.20 
0.16 
0.19 
 
Knudsen 
Knudsen 
Knudsen 
 
 
As the diffusion inside the micropore involves Knudsen diffusion, the 
diffusivities (DK) calculated using Equation 4.5 are shown in Table 5.15.  Knudsen 
diffusivity takes into account the properties of the adsorbates and the adsorbent.  The 
results show that Knudsen diffusivities of methane are higher than carbon dioxide.  
As the diffusivities of methane are relatively higher than carbon dioxide, the 
molecules could diffuse faster into the inner side of the structure than carbon 
dioxide.  This explained the reason why the adsorption capacity of carbon dioxide is 
lower than methane.  
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Table 5.15: Knudsen diffusivity of CH4 and CO2 inside metal cation exchanged 
zeolite pores.   
Knudsen diffusivity, DK (m2/s) x 107 
Zeolites 
CH4 CO2 
Alkali: 
LiNa-SZ18  
Na-SZ18* 
KNa-SZ18 
RbNa-SZ18 
 
7.84 
7.76 
7.93 
6.58 
 
4.73 
4.67 
4.78 
3.97 
Alkaline: 
MgNa-SZ18 
CaNa-SZ18 
BaNa-SZ18 
 
7.84 
7.84 
8.10 
 
4.73 
4.73 
4.89 
Transition: 
MnNa-SZ18 
NiNa-SZ18 
ZnNa-SZ18 
 
7.19 
9.24 
7.67 
 
4.34 
5.57 
4.63 
 * Based zeolite 
 
 
The interaction between the adsorbates and the wall of zeolite adsorbent is 
higher than the adsorbate-adsorbate interaction, thus allows more interaction with the 
solid surface.  The presence of metal cations other than sodium cations changes the 
Knudsen diffusivity of the exchanged zeolites.  The diffusivity of methane and 
carbon dioxide increases as the sodium cations were exchanged with alkaline earth 
metals cations (Mg2+, Ca2+, and Ba2+).  Similarly, the presence of Li+ and K+ increase 
the diffusivity of methane and carbon dioxide in LiNa-SZ18 and KNa-SZ18 
respectively.  However, exchanging sodium cation with larger size molecule (Rb+) 
reduces the Knudsen diffusivity of the exchanged zeolite.  This is due to the fact that 
the Knudsen diffusivity depends on the pore size and molecular dimension of the 
adsorbates.  Thus, after cation exchange treatment, the size of the cation and its 
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location within the pore structure would affect the diffiusivity of the adsorbates.  
However, it is rather difficult to predict the effect of transition metal cations (Mn2+, 
Ni2+, and Zn2+) on the Knudsen diffusivities of the metal cation exchanged zeolites.   
 
 
 In general, the differences in Knudsen diffusivities are relatively small and it 
is rather difficult to predict the changes in the presence of different groups of cation.  
However, the results show that zeolite such as NiNa-SZ18 demonstrates a promising 
performance as potential adsorbent.  Accordingly, based on the results obtained, 
detailed study should be carried out in identifying potential adsorbent especially for 
methane/carbon dioxide separation process.  
 
 
 
 
5.4.4.3 Diffusional time constant 
 
 
 Diffusional time constants (D/r2) of methane and carbon dioxide at 137 kPa 
and 323K are shown in Table 5.16.  Despite the fact that there were only relatively 
small differences in the size of adsorbate molecule used, a large changes in the 
magnitude of diffusional time constants were observed.  The effect were be 
attributed to the size, the charge and the quantities as well as types of cation in the 
metal cation exchanged zeolites.  As reported by Bae et al. (2005), high apparent 
time constants are due to the strong adsorption affinity between adsorbate and 
adsorbent.  The results show that the presence of cation affects the diffusional time 
constant (D/r2), and in several metal cation exchanged zeolites, the values are higher 
than the based zeolite.  However, the results are also affected by cation exchange 
capacity (CEC).  This explained the reason why several types of metal cation 
exchanged zeolites have low diffusional constant values.  
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Table 5.16: The diffusional time constants of methane and carbon dioxide 
adsorption at 323K and 137 kPa. 
Diffusional time constant (D/r2) x 105 
(sec-1)  Zeolites 
CH4 CO2 
Alkali: 
LiNa-SZ18  
Na-SZ18 
KNa-SZ18 
RbNa-SZ18 
 
 6.80 
 4.01 
 1.64 
23.10 
 
 3.04 
 9.79 
 4.81 
176.03 
Group IIA: 
MgNa-SZ18 
CaNa-SZ18 
BaNa-SZ18 
 
 1.84 
 5.27 
22.58 
 
18.3 
 6.48 
27.04 
Transition: 
MnNa-SZ18 
NiNa-SZ18 
ZnNa-SZ18 
 
13.52 
6.31 
9.33 
 
4.52 
4.40 
9.02 
 
 
The results show that for methane, the diffusional time constant of BaNa-
SZ18 is relatively higher than the other adsorbents, and for carbon dioxide, RbNa-
SZ18 has the highest value.  These values indicate how fast the adsorbent reach the 
maximum adsorption capacity.  It is obvious that different adsorbates would react 
differently towards different metal cation exchanged zeolites.  Low diffusional time 
constants indicate greater diffusion resistance as well as high energy barrier for 
molecules to diffuse (Ahn et al., 2004).  It also indicates that the charge of cation and 
the total amount of cation present as the extra-framework cations would determine 
the characteristics of adsorption.  
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5.5 Gas-Zeolite Interaction 
 
 
The effect of structural properties on adsorbate-adsorbent interaction was 
discussed in Section 4.5.  In this section the effect of metal cations on gas-solid 
interaction will be discussed.  Using Na-SZ18 as a based zeolite, the adsorbate-
adsorbent interaction study focuses on the effect of cations on methane and carbon 
dioxide adsorption.  Apart from the gas adsorption capacity, the effect of different 
cations was observed from the FTIR spectra of the adsorbates.  As previously 
discussed in Section 4.5, peaks were detected in the region between 3200 – 1200 cm-
1 and 2800 – 1400 cm-1 for methane and carbon dioxide respectively.  A study by 
Eder and Lercher (1997) has showed that sorbate-sorbate interactions influence the 
uptake curves.  Another study by Barbosa et al. (2000) also showed that the 
electrostatic and van der Waal interactions dominate the interaction between 
adsorbate and adsorbent in which adsorbate molecules interact simultaneously with 
cationic sites and the oxygen atoms.  In addition, according to Izumi et al. (2002), 
the adsorbate molecules proximity to zeolite surface is influenced by strong 
electrostatic field of zeolite to polarize and produce a Coulomb force (Figure 5.38).  
The possible interactions between adsorbate and zeolite have been discussed in 
Section 4.5.  The difference could be due to the presence of other cations after cation 
exchange treatment that create different electrostatic force between the adsorbate and 
the metal cations (e.g. Na+ and Mg2+). 
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Figure 5.38: The electrostatic charge model and adsorption force on zeolite surface 
(Izumi et al., 2002) 
 
 
However, it is rather difficult to verify the observed FTIR spectra with those 
published in literature since most of the previous studies were carried out at low 
temperature (77 K – 273 K) and low pressure ( 1 – 10 psi).  At relatively low 
temperature, the spectra were more noticeable even at low pressure.  As the pressure 
increases, the peak intensities increase which indicate the quantity of adsorbate 
increases.  In contrast, this study involves adsorption at relatively high temperature 
(298 K).  Hence, some peaks could not be clearly identified.  Figures 5.39, 5.40 and 
5.41 show the IR spectra methane adsorbed on different zeolites.  A sharp peak 
assigned to v3 band is visible as methane interacts with LiNa-SZ18 and BaNa-SZ18 
zeolites.  The existence of peak around this region is a result of free rotation of the 
adsorbed molecules around a single axis.  However, in other zeolite samples, as the 
peak assigned to v3 band shifted, intensity was decreased and other peaks with lower 
intensities also appear on the both sides of the v3 band.  This is probably due the 
presence of more than one cation in zeolites after the cation exchange treatment that 
results in the existence of non-symmetrical field of different strengths.   
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Figure 5.39: The FTIR spectra (v3) of CH4 adsorbed on alkali metal cation 
exchanged zeolites: (a) LiNa-SZ18; (b) Na-SZ18 (based zeolite); (c) KNa-SZ18; and 
(d) RbNa-SZ18.  
 
 
 
Figure 5.40: The FTIR spectra (v3) of CH4 adsorbed on alkaline earth metal cation 
exchanged zeolites: (a) MgNa-SZ18; (b) CaNa-SZ18; (c) BaNa-SZ18; and (d) Na-
SZ18 (based zeolite).   
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Figure 5.41: The FTIR spectra (v3) of CH4 adsorbed on transition metal cation 
exchanged zeolites at 293K and 137 kPa: (a) MnNa-SZ18; (b) NiNa-SZ18; (c) 
ZnNa-SZ18; and (d) Na-SZ18 (based zeolite). 
 
 
These findings also suggest that surface heterogeneity could be the reason for 
the presence of several peaks in the region of around 3020 cm-1.  The appearance of 
single peak (in the case of LiNa-SZ18) might be due to the interaction between 
methane and extra-framework lithium.  As mentioned in Section 5.4.2, the cation 
exchange capacity (CEC) of lithium is high, thus the effect of non-symmetrical field 
would be very minimum.  In the case of BaNa-SZ18, it is assumed that the CEC is 
relatively low, thus the interaction is mainly due to interaction between methane and 
the extra-framework sodium.  Another peak around 1300 cm-1 assigned to v4 band is 
clearly visible in all metal exchanged zeolites (Figures 5.42, 5.43, 5.44).  From the 
spectra, it was found that the presence of larger cation size results in broader peak 
with relatively less intensity.  In addition, the presence of Mn2+ ions results the peak 
to splitting into two.  This might be due to the fact that as the cation exchange takes 
place, the electrostatic field of the zeolite surface changes according to the properties 
of the cation involved.   
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Figure 5.42: The FTIR spectra (v4) of CH4 adsorbed on alkali metal cation 
exchanged zeolites at 293K and 137 kPa: (a) LiNa-SZ18; (b) Na-SZ18 (based 
zeolite); (c) KNa-SZ18, and (d) RbNa-SZ18. 
 
 
 
Figure 5.43: The FTIR spectra (v4) of CH4 adsorbed on alkaline earth metal cation 
exchanged zeolites at 293K and 137 kPa: (a) Na-SZ18 (based zeolite); (b) MgNa-
SZ18; (c) CaMg-SZ18; and (d) BaNa-SZ18.   
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Figure 5.44: The FTIR spectra (v4) of CH4 adsorbed on transition metal cation 
exchanged zeolites at 293K and 137 kPa: (a) Na-SZ18 (based zeolite); (b) MnNa-
SZ18; (c) NiNa-SZ18; and (d) ZnNa-SZ18.   
 
 
However, as reported by Barbosa et al. (2000), the difference in structural 
position could also affect on the nature of interaction between metal cation present 
and the adsorbate.  The location of cation in the extra-framework of zeolite would 
determine the extent of exposure of the cation to adsorbates.  Thus, it explains the 
reason of different intensities and peak areas observed for different types of cation 
exchanged zeolites.  The FTIR frequencies and peak areas for methane adsorption on 
different zeolites are shown in Table 5.17.  According to Triebe et al. (1996), 
divalent cations in zeolites are also known to be strong adsorptive centres.  In this 
study, the frequencies of the bands shift to lower frequency as a result of methane 
interaction with the cations.   
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Table 5.17: The peak position and the area of the peaks for adsorbed methane. 
v3 band v4 band 
Zeolite Peak position 
(cm-1) 
Area 
(cm2) 
Peak position 
(cm-1) 
Area 
(cm2) 
       CH4 3020  1306  
Group IA: 
LiNa-SZ18 
KNa-SZ18 
RbNa-SZ18 
 
3015 (-5) 
3016 (-4) 
3019 (-1) 
 
15.97 
 1.13 
   4.38 
 
1303 (-3) 
1301 (-5) 
1303 (-3) 
 
11.14 
14.60 
12.77 
Group IIA: 
MgNa-SZ18 
CaNa-SZ18 
BaNa-SZ18 
 
3013 (-7) 
3012 (-8) 
3015 (-5) 
 
  3.19 
  0.94 
11.13 
 
1303 (-3) 
1302 (-4) 
1304 (-2) 
 
12.86 
9.90 
8.87 
Transition: 
MnNa-SZ18 
NiNa-SZ18 
 
ZnNa-SZ18 
 
3011 (-9) 
3012 (-8) 
 
3012 (-8) 
 
3.53 
2.14 
 
0.47 
 
1303 (-3) 
1302 (-4) 
1305 (-1) 
1304 (-2) 
 
12.43 
 
 9.31 
 9.87 
 
 
It is also found that the peaks of divalent metal cation exchanged zeolites 
were shifted more than the monovalent metal cation exchanged zeolites.  This is due 
to stronger interaction between the cation and the adsorbate.  However, the peak 
areas represent relatively the amount of adsorbate adsorbed to the adsorption sites.  
A large quantity of Li+ cations that act as adsorption sites might be the reason for the 
large peak area obtained around v3 band.  However, even though the quantity of Ba2+ 
cations might be low, but it could attract more adsorbates than the monovalent metal 
cations.  Thus, the concentration of adsorbates would be higher at the adsorption 
sites.  Hence, both conditions would result in larger peak areas.   
 
 
It is also important to realize that molecules within the channels and cavities 
of metal cation exchanged zeolites are exposed to strong electrostatic fields created 
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by extra-framework cations and neighbouring framework anions.  These electric 
fields bring about polarization of the adsorbed molecule, significantly altered the 
electron distribution, and its reactivity.  Thus, using carbon dioxide as an adsorbate, 
the effect of different cations in zeolites was further examined.  Figures 5.45, 5.46, 
and 5.47 show FTIR spectra of CO2 adsorbed on metal exchanged zeolites.  Peaks 
appeared in two regions are assigned to v3 and v2 bands, the physisorbed of 
undissociated CO2 species and CO2 molecules adsorbed in the form of carbonate or 
bicarbonate ions, respectively.  Earlier discussion in Chapter 4 stated that the peaks 
around these regions broaden and resolved into several peaks.  Since the adsorption 
takes place at relatively high pressure, the existence of peaks reflects the adsorbate 
interactions on different sites, probably close to cation sites.  The quantity and the 
charge of cations would determine the strength and the amount of adsorbate 
adsorbed on the zeolite surface.   
 
 
 
 
Figure 5.45: The FTIR spectra (v3 and v2) of CO2 adsorbed on alkali metal cation 
exchanged zeolites at 293K and 137 kPa (a) Na-SZ-18 and (b) LiNa-SZ18.   
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Figure 5.46: The FTIR spectra (v3 and v2) of CO2 adsorbed on alkaline earth metal 
cation exchanged zeolites: (a) Na-SZ18; (b) MgNa-SZ18; and (c) CaNa-SZ18.   
 
 
 
Figure 5.47: FTIR spectra (v3 and v2) of CO2 adsorbed on transition metal cation 
exchanged zeolites at 293K and 137 kPa: (a) Na-SZ18; (b) MnNa-SZ18; and (c) 
NiNa-SZ18.   
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As reported by Triebe et al. (1996), divalent cations in zeolite could cause strong 
interaction between the adsorbates and the adsorbents especially for carbon dioxide 
which possess the quadrapole moment.  As reported by Hadjiivanov et al. (2003), 
there is the possibility of coordination of more than one small molecule to one cation 
in zeolites. This phenomenon is related to low coordination of cation in zeolites as 
compared to the same cations incorporated in oxide surfaces. It is also suggested that 
coordination of two molecules to one cation requires a sufficiently large ionic radius. 
Table 5.18 shows that v3 bands shift and the value increases after cation exchanged 
treatment.  However, v2 bands shift less than the based zeolite (Na-SZ18).  The 
shifted values indicate the strength of interaction of the adsorbed molecules to the 
adsorption sites.   
 
 
Table 5.18: The peak position and the area of the peaks for the adsorbed carbon 
dioxide.  
v3 band v2 band 
Zeolite Peak position 
(cm-1) 
Area 
(cm2) 
Peak position 
(cm-1) 
Area 
(cm2) 
CO2 2359 - 1687 - 
Group IA: 
Na-SZ18 
LiNa-SZ18 
 
2317 (-42) 
2350 (-9) 
 
303.11 
386.74 
 
1649 (-38) 
1637 (-50) 
 
297.65 
363.61 
Group IIA: 
MgNa-SZ18 
CaNa-SZ18 
 
2347 (-12) 
2322 (-37) 
 
368.08 
381.92 
 
1646 (-41) 
1637 (-50) 
 
130.74 
223.98 
Transition: 
MnNa-SZ18 
NiNa-SZ18 
 
2334 (-22) 
2334 (-22) 
 
369.00 
488.67 
 
1614 (-73) 
(1620 (-67) 
 
148.72 
206.75 
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As discussed earlier, the peak areas represent the amount of adsorbates 
adsorbed on the adsorption sites.  The results indicate that there are relatively more 
molecules physically adsorbed (v3 band) to the metal cation exchanged zeolites than 
molecules adsorbed as carbonate or bicarbonate ions.  Except for LiNa-SZ18, the 
presence of mixed cation (Na+ and other metal cation) increased the amount of 
carbon dioxide physically adsorbed on the zeolite surfaces.  The physically adsorbed 
phenomenon could give advantage to the process in which each process requires 
maximum desorption capacity.  According to Exter et al. (1997), aluminosilicate 
walls can induce an extra non-permanent dipole in carbon dioxide (next to the 
present linear quadrapole), whereas each adsorbed molecule could induce an extra  
non-permanent dipole in other carbon dioxide molecules leading to high amounts of 
carbon dioxide adsorbed.  Thus, this phenomena could also be the reason for large 
surface area of the adsorbed carbon dioxide (Table 5.18). 
 
 
 
 
5.6 Gas Adsorption Mechanism of Metal Cation Exchanged Zeolites 
 
 
 Results in previous sections show that the presence of cation in the extra-
framework of zeolites does not only influence the structural and physicochemical 
properties of zeolite adsorbent, but also the adsorption characteristics of methane and 
carbon dioxide.  However, the bulk fluid diffusion was not affected by the cation 
exchange treatment and it is therefore, greater than micropore diffusion.  Thus, this 
section will only discuss and propose the mechanistic model of adsorption process in 
particular, the dependency of gas adsorption on metal cation exchange zeolites.   
 
 
Nitrogen adsorption isotherm proved that the exchanged zeolites are 
microporous adsorbent (Type I).  The results indicate that the cation exchange 
treatment results in the formation of mesopore or macropore, which in turn would 
affect the adsorption of methane and carbon dioxide.  In principle, the sodium cation 
located at the pore opening (SII) of the structure would easily exchange with other 
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cations.  Therefore, depending on the size of the cation, it would affect the adsorbate 
diffusivity inside the microchannel, and thus the adsorption of the adsorbates.  This 
is clearly shown by the adsorption capacity of methane and carbon dioxide on metal 
cation exchanged zeolites.  However, the Knudsen diffusivities do not clearly shown 
this effect because the calculated values are based on the average pore diameter (not 
the pore opening) of the zeolites.  Figure 5.48 shows the effect of cation (size and 
location) on the diffusion and adsorption of adsorbates.   
  
 
Figure 5.48: A schematic diagram of adsorbate diffusion in the presence of different 
size of metal cations. 
 
 
 Meanwhile, as the sodium cations are not fully exchanged, the presence of 
different cations (e.g. Li+ and Na+ or Mg2+ and Na+) creates different localized 
electrostatic field within the zeolite pores.  Hence, the difference in the adsorption 
characteristics would be due to the interaction between the adsorbates and different 
metal cations (Figure 5.49).  These phenomena were observed in the FTIR spectra of 
At the pore opening, size of cation would determine the accessibility of the 
adsorbates in such that: 
[1] Smaller cation such as Li+, it would not cause any blockage for diffusion 
of methane and carbon dioxide; 
[2] Bigger size cation such as Rb+ would significantly hinder the 
accessibility especially if more than one cations present at the entrance or 
pore opening of the zeolite. 
[ 
10 membered-ring zeolite 
CH4 molecules 
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adsorbed molecules on metal cation exchanged zeolites.  However, cation exchanged 
treatment might also cause structural defects in the silica-alumina structural 
framework, thus create adsorption sites for the adsorbates. A schematic diagram 
indicates all the possibilities of electrostatic interaction between adsorbate molecules 
and zeolite (Figure 5.49).  In this case, the carbon atom of adsorbed methane may 
interact with different metal cations (M1 and M2).  Similarly, the oxygen atom of 
adsorbed carbon dioxide may interact with different metal cations.   
 
 
Figure 5.49: Electrostatic attractions between adsorbate-zeolite adsorbent.  M1 and 
M2 represent either Na+ or exchanged cations respectively.   
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In addition, the size of cation and its location in zeolite framework could 
influence the extent of interaction between the adsorbate and the metal cation.  
Furthermore, larger size cation having high coordination number is capable of 
interacting with more than one cation which leads to higher surface coverage.  The 
interaction between C of the adsorbed methane and metal cation (M) might cause a 
certain degree of perturbation (Figure 5.50) as indicated by the FTIR spectra as 
presented in Section 5.5.  The adsorbed carbon dioxide might also experience similar 
condition as the O interacts with the M (metal cation). 
 
 
 
Figure 5.50: A schematic diagram of adsorbate-adsorbent interaction with different 
cations. 
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5.7 Summary 
 
 
The information on gas adsorption characteristics of metal cation exchanged 
zeolite provides a basis for several technical applications of zeolites, such as drying, 
air separation (oxygen from nitrogen) and the removal of contaminants from the 
atmosphere or from natural gas, to name only a few examples.  The adsorption study 
of metal cation exchange zeolite shows that the adsorption of methane and carbon 
dioxide was affected by the cation in the adsorbent, which lead to various degrees of 
interactions between the adsorbate and adsorbent.  In most of the samples, the 
presence of different metal cations after cation exchange treatment does not 
significantly affect zeolite structure.  The XRD spectra prove that the zeolites retain 
its faujasite-type structures.  However, the physicochemical properties such as 
surface area, pore volume, and crystallinity of the zeolites changed after the cation 
exchange treatment.  The release of Al or Si from zeolite framework occurred during 
the treatment also caused some changes to the Si/Al ratio and the unit cell parameter 
of the modified zeolite.   
 
 
Nevertheless, the important aspect in this study is the adsorption 
characteristics of metal cation exchange zeolite.  The study revealed that metals in 
the Periodic Table not only affect physicochemical properties of zeolites but also the 
adsorption characteristic of methane and carbon .  For non-polar molecule such as 
methane, the size of cation in the extra-framework of zeolites affects the adsorption 
characteristics. This is due to the fact that methane could easily diffuse through large 
pore and adsorbed onto the inner part of the cages.   
 
 
Conversely, different characteristic of adsorption was observed for carbon 
dioxide molecules. The quadrapolar molecule caused strong interaction with the 
adsorption site (especially the cation).  In this case, divalent metal cation located at 
the pore opening would create strong specific interactions with the molecule, thus 
resulting blockage at the pore opening of the cages.  However, the adsorption 
  
265 
isotherms and the fractional uptake curves showed that as the concentration (the 
amount of adsorbate adsorbed) increases, the surface area and pore volume influence 
the adsorption of carbon dioxide.  It indicates that as the concentration of gases 
increases, the effect of cation becomes less significant.  The equation model 
parameters also support the fact that the presence of cation affects the adsorption 
characteristics of methane and carbon dioxide on zeolites.  Differences in the 
parameters of the equation models in the faujasite-type zeolites would be due to the 
presence of different metal cations.  The FTIR spectra also show that the adsorbate-
adsorbent interaction was affected by types of cation present in zeolites.  Therefore, 
the study on the adsorption characteristics of metal cation exchanged zeolite has 
found that smaller metal cation such as Li+, Mn2+, Ni2+, and Zn2+ enhanced the 
adsorption of methane (between 9.7 % and  19.8 %) while divalent metal cations 
such as Mg2+ and Ca2+ carbon dioxide enhanced the adsorption of carbon dioxide to 
5.8 % and 7.5 % respectively.   
 
 
 
 
 
  
 
 
CHAPTER 6 
 
 
 
 
GAS ADSORPTION CHARACTERISTICS OF METAL OXIDE 
BASED ZEOLITES 
 
 
 
 
6.1 Introduction 
 
 
Zeolites and metal oxides are highly valued for their wide applications as 
catalysts, adsorbents and nanotechnology materials.  The promising dispersion 
capabilities of metal oxide on zeolite, together with the fact that metal oxide 
modified zeolites have recently attracted a great interest in variety of application; 
have encouraged the emerging of this study.  Modifications of zeolite with metal 
oxide will greatly influences the physicochemical properties of zeolite and gases 
adsorption characteristics.  The zeolite structure and surface properties after the 
modification, the number, types and location of metal oxides are important for the 
adsorption of gas.  In this regard, this chapter will discuss the characterization of 
metal oxide modified Na-Y adsorbents and their gases adsorption properties – 
equilibrium and kinetics.  In order to understand the adsorbate-adsorbent interaction 
mechanisms underlying such phenomena, gas-zeolite interaction using FTIR 
spectroscopy has also been included in the discussion.      
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6.2 Structural Characteristics and Properties 
 
 
6.2.1 Effect of various metal oxides 
 
 
A process that disperses substances in a crystalline state as a monolayer or 
sub-monolayer into/onto the surfaces of zeolites would gain in entropy.  From the 
first and second laws of thermodynamics, the dispersion of metal oxide on zeolites 
could occur spontaneously (Xie & Tang, 1990).  Twenty types of metal oxides were 
used to disperse onto zeolite Na-Y host matrix system.  These 5 metal oxides/unit 
cell Na-Y (290 µmol metal oxides/g Na-Y) samples were thermal dispersion (metal 
oxide Tammann temperature < 873.15 K) and incipient wetness impregnation (metal 
oxide Tammann temperature > 873.15 K) prepared as discussed in Chapter 3.   
 
 
Powder X-Ray Diffraction has been used to characterize the crystallinity, 
particle size and structure of the materials.  It was observed that the peak intensities 
of the X-Ray Diffraction (XRD) reflections decreased as compared to unload 
commercial Na-Y which are due to the increase contact matching between the Na-Y 
zeolite framework and the present of some metal oxide nanoparticles within the pore 
of zeolites (Table 6.1).  The increases in the unit cell parameter also give explanation 
for the introduction of some metal oxide into zeolite framework.  Meanwhile, the 
slightly decrease of the silica to alumina ratio indicated that solid-state ion exchange 
replacing cation aluminium in small part of the samples as a minority process has 
been occurred during the modification.   
 
 
In Na-Y zeolite, there are 8 supercages, 8 sodalite cages and 16 hexagonal 
prism cages per unit cell (Zhu et al., 2004).  Since the aperture diameter of hexagonal 
prism cages and sodalite cages is only 0.26 nm, which is much smaller that the 
diameter of metal oxide diameter, so the metal oxides would be difficult to go into 
these sodalite cages during the treatment dispersion.  The void volume of these cages 
of the zeolite is also not large enough to accommodate the dispersed metal oxide.  
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Therefore, it is reasonable to confer that metal oxide dispersion is mainly occurred at 
the supercages of Na-Y zeolite. 
 
 
Table 6.1: Structural characterization of metal oxide modified Na-Y zeolites. 
Group of 
Elements 
(Periodic 
Table) 
Samples a0 (Å) Si/Al ratio 
Relative 
Intensity (Irel) 
- NaY 24.61 2.88 100.00 
MgO/NaY 24.63 2.81 94.14 
CaO/NaY 24.69 2.34 85.95 IIA 
BaO/NaY 24.68 2.41 63.88 
IIIA Ga2O3/NaY 24.64 2.72 79.62 
GeO2/NaY 24.63 2.76 90.97 
SnO/NaY 24.63 2.80 83.16 IVA 
PbO/NaY 24.62 2.88 45.44 
Cu2O/NaY 24.63 2.85 91.82 
CuO/NaY 24.63 2.88 96.43 IB 
Ag2O/NaY 24.66 2.86 71.21 
ZnO/NaY 24.69 2.37 86.30 IIB HgO/NaY 24.69 2.34 86.55 
IIIB Y2O3/NaY 24.63 2.80 80.87 
VB V2O5/NaY 24.63 2.82 41.93 
MoO3/NaY 24.63 2.82 62.78 VIB WO3/NaY 24.63 2.88 73.22 
Fe2O3/NaY 24.68 2.41 68.30 
Co3O4/NaY 24.66 2.55 84.00 
NiO/NaY 24.62 2.88 91.19 VIIIB 
PdO/NaY 24.63 2.82 86.67 
 
 
Different types of metal oxides from different groups could be dispersed 
spontaneously onto the surfaces of support Na-Y with formation of a monolayer or 
sub-monolayer.  In the calcination process, three-dimensional bulk metal oxides are 
suggested to transform into two-dimensional species on the inner or outer surfaces of 
zeolite Na-Y.  That is the reason showing why no additional peaks are observed 
corresponding to the crystalline phase of bulk metal oxides has been formed outside 
the pore structure as shown in the XRD patterns (Figures 6.1 - 6.3).  Metal oxide 
exists as dispersed species on the surfaces of supports after the calcination when the 
loading is less than the critical dispersion capacity.  The residual crystalline phase of 
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metal oxide peaks will be observed in the XRD patterns after the calcination, when 
the content of metal oxide in the mixtures exceeds the critical amount. 
 
 
Apart from that, the crystallinity of samples, which were denoted as relative 
intensity (Irel) is determined by comparing the sum of the six reflection peaks (ASTM 
D3906) namely {331}, {511}, {440}, {533}, {642} and {555} of the treated samples 
with those of the Na-Y zeolite taken as reference (100% crystalline at ambient 
temperature).  The crystalline phase of modified samples decreased as revealed in 
Table 6.1 but the support has remained unchanged.  At the same loading 
concentration in molecule ratio of metal oxides and the same treatment process, the 
dispersion of variety types of metal oxides represents different dispersion capacity. 
 
 
 It is suggested that factors such as the pore size of zeolite, the dynamic 
diameter of the metal oxides - particle size, and their physicochemical properties play 
important roles for the dispersion of metal oxides into zeolites.  The particle size of 
metal oxides that calculated using Scherrer equation (Cullity, 1978) and their bond 
length between metal cation and oxygen molecule are listed in Table 6.2.  It is 
reasonable that the dispersion of metal oxides into zeolites only occurs under the 
condition, when the dynamic diameter of metal oxides is smaller or similar to the 
pore size of zeolites. 
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Figure 6.1: XRD patterns of metal oxides: (a) Group IIA; (b) Group IIIA; and (c) 
Group IVA metal oxides modified Na-Y zeolite. 
(a) 
(b) 
(c) 
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Figure 6.2: XRD patterns of metal oxides: (a) Group IB; (b) Group IIB; and (c) 
Group IIIB metal oxides modified Na-Y zeolite. 
(a) 
(b) 
(c) 
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Figure 6.3: XRD patterns of metal oxides: (a) Group VB; (b) Group VIB; and (c) 
Group VIIIB metal oxides modified Na-Y zeolite. 
(a) 
(b) 
(c) 
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Table 6.2: Physical properties of metal oxides (Náray-Szabo, 1969). 
Group of 
Elements 
(Periodic 
Table) 
Samples Particle Size (nm)* 
Bond 
Length (Å) 
MgO 39.23 2.10 
CaO 92.16 2.40 IIA 
BaO 95.00 2.76 
IIIA Ga2O3 68.83 1.83 
GeO2 70.24 1.86 
SnO 46.35 1.84 IVA 
PbO 70.72 2.30 
Cu2O 47.14 1.84 
CuO 25.51 1.84 IB 
Ag2O 71.35 2.04 
ZnO 83.22 1.95 IIB HgO 75.40 2.03 
IIIB Y2O3 46.27 2.00 
VB V2O5 80.32 1.83 
MoO3 81.11 2.08 VIB WO3 80.71 2.00 
Fe2O3 98.53 1.96 
Co3O4 99.13 2.10 
NiO 69.91 2.03 VIIIB 
PdO 71.56 2.01 
* Calculated based on Scherrer equation (Cullity, 1978). 
 
 
The XRD patterns show that Cu2O (Figure 4.2a) and SnO (Figure 4.1c) was 
oxidized to some extent to form bulk CuO (2θ = 35.54 0 and 38.73 0) and SnO2 (2θ = 
26.60 0 and 33.10 0) respectively, after heat treatment at high dispersive temperature 
(873.15 K).  Meanwhile, Ag2O was oxidized to form bulk AgO (2θ = 37.85 0 and 
44.31 0) when the mixture is heated at calcination temperature 673.15 K (Figure 
6.2a).  The calcination process at high temperature may result in the transport of 
some metal oxide species out of pore the system and their subsequent deposition at 
the external surface, where they agglomerate finally to form larger size crystallites.  
When all the useable vacant sites are occupied, a close-packed capping O2- layer is 
formed and transformed them into the most stable form of oxide.  This is in 
confirming with the XRD data where the reflections of crystalline AgO, CuO and 
SnO2 can be seen clearly from XRD patterns.   
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Apart from that, this result is consistent with the research finding reported by 
Zhu et al. (2005).  After the heat treatment at 873.15K, the fine CuO grains (a thin 
CuO layer), including some amounts of whiskers, is formed over the Cu2O layer as 
shown in Figure 4.4 (Zhu et al., 2005). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4: Morphology of surface of the CuO on Cu2O after oxidation at 873.15K 
(Zhu et al., 2005). 
 
 
In the physical properties characterization, the surface area and pore structure 
of Na-Y zeolite before and after modification by metal oxides were characterized 
using N2 adsorption at 77 K.  The nitrogen adsorption isotherms over the whole 
relative pressure range for four types of metal oxides modified Na-Y zeolites are 
shown in Figure 6.5.  Generally, the adsorption isotherm before and after the metal 
oxides modification are of type I in the Brunauer, Deming, Deming and Teller 
(BDDT) classification indicating that they are microporous solids.  The abrupt 
increase of N2 adsorption at very low relative pressure (P/P0 < 0.1) occurs because N2 
molecules are able to penetrate freely into the micropores of these modified zeolites 
without steric factor. The second increment for P/P0 > 0.8 was due to multilayer 
adsorption and capillary condensation of N2 molecules into zeolite pore system. 
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Figure 6.5: Nitrogen adsorption and desorption isotherms of metal oxides modified 
Na-Y zeolite. 
 
 
The relative adsorption capacities over the entire equilibrium pressure range 
are related to two factors: the number of cations available per unit mass of the 
dehydrated zeolites and the limiting volume of the micropore (Hernández-Huesca et 
al., 1999).  The amount of gas adsorbed at low pressures (low degrees of coverage) is 
directly proportional to the first factor, whereas the micropore volume plays a 
decisive role at high pressures (high degrees of coverage).  At low pressure, the 
adsorption is greater, because there is a greater cationic density.  These isotherms 
indicate that the main difference between the samples is the adsorption ability at low 
relative pressures.  The adsorption and desorption isotherms almost overlap; 
indicating that the modified samples posses open and uniform cages system.  The 
structure of Na-Y zeolites is stable toward metal oxide dispersion modification.  
Table 6.3 lists the data of micropore surface area, external surface area, micropore 
volume and average pore diameter for the investigated samples.   
 
 
  
276 
Table 6.3: Surface area and pore size characterization of metal oxide modified NaY. 
Group of 
elements 
(Periodic 
Table) 
Samples 
Micropore 
surface area 
(m2/g) 
External 
surface area 
(m2/g) 
Micropore 
volume 
(×107 m3/g) 
Average 
pore 
diameter 
(Å) 
- NaY  809.50 10.50 3.04 16.00 
MgO/NaY 776.27 21.16 2.90 15.99 
CaO/NaY 806.33 21.63 3.01 16.00 IIA 
BaO/NaY 758.15 12.38 2.82 15.29 
IIIA Ga2O3/NaY 772.40 18.61 2.88 15.92 
GeO2/NaY 779.58 12.97 2.90 15.76 
SnO/NaY 715.87 18.30 2.67 16.26 IVA 
PbO/NaY 412.91 6.21 2.41 16.23 
Cu2O/NaY 784.73 13.05 2.93 15.75 
CuO/NaY 773.69 20.94 2.88 16.11 IB 
Ag2O/NaY 744.08 15.44 2.78 16.02 
ZnO/NaY 762.91 20.78 2.85 16.05 IIB HgO/NaY 762.41 18.02 2.85 16.02 
IIIB Y2O3/NaY 767.21 23.18 2.87 16.03 
VB V2O5/NaY 324.31 12.95 1.21 16.91 
MoO3/NaY 536.90 23.22 2.00 17.53 VIB WO3/NaY 622.32 12.32 2.32 16.14 
Fe2O3/NaY 649.66 21.69 2.43 16.73 
Co3O4/NaY 777.35 17.26 2.90 15.82 
NiO/NaY 821.27 16.98 3.06 15.78 VIIIB 
PdO/NaY 756.05 9.27 2.82 15.74 
 
 
The micropore surface area and micropore volume of Na-Y zeolite are 
generally decreased after the modification.  Figure 6.6 presents the linear relationship 
between both of the parameters.  It is suggested that the metal oxides dispersed might 
be loaded into the Na-Y cages and on the external surface of zeolite after the heat 
treatment.  The external surface areas are increased markedly, which certainly 
resulted from the dispersion of metal oxides on the external surface, except for 
samples PbO and PdO modified Na-Y zeolites.  The increase in external surface area 
for most samples indicated that the dispersion of metal oxides was excellent.  Zhang 
et al. (1991) proved that the addition of 4 wt.% of PdO (3.5 wt% PdO in this study) 
into Na-Y zeolite would show weak diffraction peak as revealed in Figure 6.3c.  The 
surface area properties of 4wt.% PdO modified Na-Y sample had nearly the same 
structure as unmodified Na-Y suggest that no blocking took place through the 
modification (Nishimiya et al., 2001).  Apart from that, Palladium supported on 
zeolite were found can be extremely active for reaction.  PdO dispersed will initially 
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present on the external surface of zeolite and gradually diffuse into the zeolite pores 
during heat treatment, which resulted slightly decrease of external surface areas 
(Correa et al., 2000; López-Fonseca et al., 2004; Okumura et al., 2005; Pröckl et al., 
2005).   
 
 
Meanwhile, the addition of PbO probably has destroyed substantial 
proportion of the internal and external surface areas of Na-Y zeolite during the 
modification.  This can be well explained by the mark decrease of sample relative 
crystallinity after modification as revealed in Table 6.1.  The PbO species in Na-Y 
zeolite are reactive and easily undergo oxidation process by the trapped oxygen in 
zeolite.  The coordination numbers of PbO modified Na-Y zeolite that measured 
using X-ray absorption fine structure (EXAFS) techniques shown that PbO species 
are likely to be deeply trapped inside the Na-Y and hence decrease the micropore 
volume (Huang et al., 2004).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6: The correlation between the micropore surface area and the micropore 
volume of metal oxides modified Na-Y zeolite samples. 
 
 
It was interesting to find out that the average pore diameter for some metal 
oxides modified sample is slightly enlarged.  This shows a partial structural collapse 
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of the support in the corresponding treated samples.  Somehow, it might due to the 
imbedding of some metal oxides into the skeleton of Na-Y zeolite instead of 
incorporating into the pores system.  As it has mentioned that a small part of solid-
solid ion exchange process will take place during the dispersion phenomena.  These 
embedded metal cations might substitute the skeletal aluminium and make the pore 
diameter larger due to the bond length of metal-O is shorter than Al-O.   
 
 
Generally, the results of surface area and pore size characterization suggested 
that the dispersion capacity of metal oxides on zeolite supports is mainly related to 
the internal surface area and pore size of zeolites.  Zeolites with larger pore size 
exhibit higher dispersion capacity.  The surface area and pore size of the zeolites, and 
the dynamic diameter of metal oxides are two factors controlling the dispersion of 
oxide materials into/onto zeolite surfaces.  No matter where the dispersion of metal 
oxides take places, these exposed metal oxides on the external surfaces as well as in 
the cavities provide the active adsorption sites for adsorbate that will give influences 
on the gas adsorption characteristics of zeolite as gas adsorbents. 
 
 
Apart from that, Scanning Microscope Electron (SEM) has been applied for 
adsorbent morphological characterization. The SEM photographs of three selected 
metal oxide modified zeolites are shown in Figure 6.7.  After the modification, the 
SEM micrograph of the calcined samples show almost like zeolite Na-Y particles, 
the metal oxide particles disappeared completely in the field of vision.  The surfaces 
of the modified zeolite Na-Y look smoother than those in Figure 6.7a (unmodified 
zeolite Na-Y).  Therefore, the results indicate that surface melting of HgO, CuO and 
V2O5 at temperature above Tammann Temperature have occurred on Na-Y particles 
during the calcination, though the calcined temperature is below their melting points.  
The disappearance of metal oxides particles can be explained by the assumption of 
forming a thin oxide films on the surface of Na-Y particles surfaces.   
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Figure 6.7: SEM micrograph of samples: (a) Na-Y zeolite; (b) 5 CuO/NaY; (c) 5 
HgO/NaY; and (d) 5 V2O5/NaY. 
 
 
Meanwhile, the EDAX chemical analysis using Scanning Electron 
Microscope as well have been used for the chemical composition characterization.  
The extra components Cu, Hg and V as shown in Figure 6.8 were apparent from 
EDAX data, these being supported by the dispersion of CuO, HgO and V2O5 
compounds on the surfaces and zeolite frameworks. After the thermal treatment and 
metal oxide dispersion processes, the chemical composition of zeolite Na-Y 
exhibited no differences, as the sample is stable in the calcinations temperature range 
and modification. 
 
(a) (b) 
(c) (d) 
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Figure 6.8: The EDAX quantification analysis of samples: (a) Na-Y zeolite; (b) 5 
CuO/NaY; (c) 5 HgO/NaY; and (d) 5 V2O5/NaY. 
 
 
Morphological and chemical analysis characterization revealed that metal 
oxide has spread and dispersed across the surfaces of Na-Y, including the inner and 
outer surface, since they have similar property.  The zeolite loaded with metal oxide 
particles were scanned with minimum of five measurements at different spots on 
specimen stubs.  As shown in the Electron Dispersive Spectroscopy (EDS) analysis 
of a set of isolated zeolite and modified samples, the data (average values) indicated 
that the chemical compositions of the various measurements at different spots are 
close together, suggesting a homogenous distribution of the metal oxide atoms from 
one side on zeolite particle to another. 
 
EDAX Quantification 
Element Normalized 
Element wt. % 
O   K 
Na K 
Al K 
Si  K 
Cu K 
Total 
33.05 
7.62 
13.65 
43.42 
2.26 
100.00 
 
EDAX Quantification 
Element Normalized 
Element wt. % 
O   K 
Na K 
Al K 
Si  K 
V  K 
Total 
32.83 
7.24 
12.99 
42.07 
4.87 
100.00 
 
(a) (b) 
(c) (d) 
EDAX Quantification 
Element Normalized 
Element wt. % 
O   K 
Na K 
Al K 
Si  K 
Total 
32.78 
7.06 
13.78 
46.39 
100.00 
 
EDAX Quantification 
Element Normalized 
Element wt. % 
O   K 
Na K 
Al K 
Si  K 
Hg L 
Total 
31.30 
7.47 
12.91 
42.57 
5.75 
100.00 
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In order to obtain a more understanding features on metal oxide modified Na-
Y adsorbents, Fourier Transform Infrared (FTIR) spectroscopy spectra also have 
been carried out for chemical characterization, which can provide the fundamental 
molecular level information about the physicochemical and surface properties of 
modified samples.  There are two important regions of FTIR spectra in Na-Y zeolite 
which are at 1200 - 800 cm-1 and 4000 - 3000 cm-1 as shown in Figure 6.9a (Stuart, 
2004).  The region between 1200-800 cm-1 is responsible for the vibrations of T-O-T 
unit (where T is SiO4 or AlO4 tetrahedron), whereas the vibrations 4000-3000 cm-1 
attributable to structural hydroxyl groups.   
 
 
According to Rodriguez (1995), a bending mode bands at 1638 cm-1 present 
the water molecule in the zeolite system.  The strongest vibration at 1022 cm-1 is 
assigned to a T-O asymmetric stretch involving motion primarily associated with 
oxygen atoms.  Symmetric stretch modes involving motions primarily associated 
with the T atoms are assigned in the region of 720 - 790 cm-1.  The external linkage 
frequencies, which are sensitive to topology and building units in the zeolite 
frameworks, occur principally at 576 cm-1.  Apart from that, the band at 505 cm-1 has 
been attributed to Si-O-Si out of plane bending mode, which only present in Na-Y 
but absent in Na-X (Sousa-Aguiar et al., 1998).  The next strongest band 464 cm-1 is 
assigned to a T-O bending mode.   
 
 
Figure 6.9 presents the FTIR spectra for Group IIA metal oxides modified 
zeolites.  The FTIR spectra of zeolite Na-Y that modified by all twenty types of 
metal oxides illustrated no marked structure change as Group IIA metal oxides 
before and after modification.  The spectra of metal oxide modified zeolite are found 
very similar, for example MgO, CaO and BaO modified Na-Y (Figure 6.9), minority 
of dealumination process or ion exchanged occurred during oxide dispersion, and so 
the position of the strong framework vibration band 1022 cm-1 almost remain 
unchanged but with increasingly the intensity of Lewis acid sites at bands 1145 cm-1.   
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Figure 6.9: FTIR spectra of Group IIA metal oxides modified Na-Y zeolite: (a) Na-
Y; (b) MgO/NaY; (c) CaO/NaY; and (d) BaO/NaY. 
 
 
The silica to alumina ratio that determined from XRD as well as FTIR 
spectra, indicate the degree of framework aluminium slightly decrease that due to the 
solid-state ion exchange process.  The modification generally does not bring about 
significant changes in the band frequencies and functional groups of large pore 
zeolite Na-Y, since interactions between the metal oxide dispersed and the 
framework are generally weak.  Nevertheless, some small differences in the spectra 
may be observed, mainly in the band symmetry.  The band at 576 cm-1, assigned to 
external bonds of the double six rings, becomes more intense as metal oxide 
dispersed as two-dimensional species on the surfaces.  The changes observed in the 
576 cm-1 bands seem to be a consequence of the metal oxides coverage dispersion 
and the thermal treatment effect.   
 
For Group IIA metal oxide-modified zeolites, one may observe small bands 
at 1430 cm-1, 1454 cm-1 and 1432 cm-1, indicating the improvement of Lewis acid 
sites on the Na-Y zeolite surfaces.  Meanwhile, the band at 3447 cm-1 attributed to 
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silanol groups, is intense and rather asymmetrical towards lower wavenumbers (3436 
cm-1).  Despite of that, the peak at 1638 cm-1, resulting from the structure of water, 
was strengthened slightly, which indicated that more water was adsorbed on the 
zeolite because of the existence of metal oxides, in which the results are consistent 
with Hu et al. (1999). 
 
 
In order to understand the structural characteristics of metal oxide modified 
Na-Y zeolite well, the infrared correlation chart for metal oxides and FTIR spectra of 
bulk metal oxides were determined as shown in Figure 6.10 (Nyquist and Kagel, 
1971).  Metal oxides will show significant structural effects on Na-Y zeolite in the 
region 1000 - 400 cm-1.  By comparing these regions that represent the bulk 
crystalline metal oxides and the samples after the modification, the small alteration 
of band symmetry and the incremental of band intensity will be observed which 
indicated the presence of metal oxide as dispersed species on the inner or outer 
surfaces of Na-Y zeolite.  For different types of metal oxide from different groups of 
element in Periodic Table, they showed the similarity by increasing the band 
intensity within 900 – 400 cm-1.  The physicochemical properties of Na-Y zeolite 
were retained after the modification without showing any structure defect.   
 
 
There are scarce research reports related on MoO3 modified porous materials 
sample (Dong et al., 1997; Braun et al., 2000; Li et al., 2003; Zhu et al., 2005).  The 
FTIR bands corresponding to the stretching vibrations of Mo-O-Mo and Mo=O in 
bulk crystalline MoO3 can be found at 818 and 993 cm-1. After calcination, the 
absorption band becomes more distinguished and the intensity increases slighter.  
This indicates that interaction existed between MoO3 and the support materials.  
After the dispersion of MoO3 on Na-Y zeolite and calcination treatment, a FTIR 
band at 890 cm-1 could be found in the profile of Figure 6.11h, which should be the 
signal of a surface molybdena species.     
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Figure 6.10: Infrared correlation chart for metal oxides (Nyquist and Kagel, 1971). 
 
 
For WO3 modified support, peak at 808 and 719 cm-1 are attributed to the 
existence of WO3 species (Xu et al., 2000).  In our cases, the FTIR band at both 
peaks cannot be detected clearly, as a very intensive FTIR band of Na-Y zeolite 
overlaps it.  Same conditions were found for most types of metal oxides in this study; 
only the increasing bands intensity at region 600 - 400 cm-1 can infer and show the 
existence of metal oxides as a thin dispersion film on the zeolite surfaces after the 
modification.  The FTIR bands at this region for metal oxide species cannot be 
clearly distinguished, as the bands are overlapped by FTIR band of Na-Y zeolite at 
region 800 - 400 cm-1.  Meanwhile, the appearance of asymmetry broad bending 
band at 828 cm-1 for vanadium (V) oxide modified Na-Y zeolite, which is higher 
than region 800-400 cm-1, verified the presence of species V2O5 interact on the Na-Y 
zeolite surfaces (Figure 6.11g).   
Wavenumbers (cm-1) 
Wavenumbers (cm-1) 
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Figure 6.11: FTIR spectra of metal oxide: (a) Group IIA; (b) Group IIIA; (c) Group 
IVA; (d) Group IB; (e) Group IIB; (f) Group IIIB; (g) Group VB; (h) Group VIB; 
and (i) Group VIIIB modified Na-Y zeolite adsorbents. 
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All the results indicate that, various types of metal oxides show great effect to 
modified samples phyisicochemical properties.  The thermal spreading of metal 
oxides onto Na-Y zeolite provide evidences that after the heat treatment the oxide 
crystals were either transformed into very small grain crystals, dispersed two-
dimensional oxide species over Na-Y zeolite, or both.  Different types of metal oxide 
dispersed Na-Y zeolite showed different physical features after the modification.  
The physical properties such as the melting point, solid-state structure and the 
particle sizes of the metal oxides probably play a very important role in the 
dispersion phenomenon.  The dissimilar chemical properties of the metal oxides are 
responsible as well for the differences in their behavior with the Na-Y zeolite.  
Despite of that, the modification parameters such as metal oxide loading 
concentration, calcination temperature, duration of calcination process and 
modification techniques greatly affect the structural characteristic and properties of 
metal oxide modified Na-Y zeolite adsorbents. 
 
 
 
 
6.2.2 Effect of copper oxide loading concentration 
 
 
As described in Chapter III, Copper (II) oxide modified Na-Y zeolite sample 
has been selected for varying its other modification parameters due to its promising 
initial results and vast potential applications.  To study the effect of metal oxide 
loading concentration on zeolite structural and physicochemical properties, a series 
of CuO modified Na-Y zeolite samples were prepared by the mechanical mixing of 
Na-Y zeolite with various CuO loadings (2.00, 2.25, 5.00, 10.00, 15.00 wt. %) 
followed by heating at 873.15 K for 24 hours.   
 
 
For copper (II) oxide modified zeolite Y, the bond distances of Cu-O and Cu-
(O)-Cu in zeolites were 1.84 -1.95 and 2.93-2.97 Å, respectively (Náray-szabó, 
1969).  According to the report of Huang et al. (2004), the bond distance of CuO in 
zeolite Y was 1.93 Å, suggesting that CuO might have a three-dimensional structure 
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in the supercages or channels of zeolite Y as shown in Figure 6.12.  The diameter of 
the copper oxide in the channels of zeolite Y might be about 5.9 Å.  The coordination 
number of CuO in zeolite Y was approximately 3.5, suggesting an existence of a 
three dimensional CuO structure in zeolite Y (Huang et al., 2004). 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.12: The possible structure of copper oxide in the micropores of zeolite Y 
(Huang et al., 2004). 
 
 
It was observed that the diffraction intensities decreased after CuO-NaY 
modification (Figure 6.13).  The peaks in each pattern observed at 2θ values of 35.4 0 
and 38.6 0 correspond to CuO.  No peaks corresponding to the crystalline phase of 
CuO were observed in modified samples with low CuO loadings (<5 wt.% 
CuO/NaY).  The peaks assigned to CuO treated samples disappear completely after 
the heat treatment.  CuO is not known to undergo a reaction with Na-Y support and 
the transformation of CuO into amorphous phases is really impossible at the 
temperature of thermal treatment 873.15 K.  The disappearance of the XRD peaks 
assigned to metal oxides can be interpreted from literatures, as CuO exist as 
dispersed species onto the surface of the support with the formation of a monolayer 
or sub-monolayer after heat treatment (Thoret et al., 1997; Braun et al., 2000; Li et 
al., 2003; Zhu et al., 2005).    
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Figure 6.13: XRD patterns of CuO/NaY samples: (a) CuO; (b) NaY; (c) 2.25wt.% of 
CuO/NaY; (d) 5wt.% of CuO/NaY; (e) 10wt.% of CuO/NaY; and (f) 15wt.% of 
CuO/NaY. 
 
 
However, when the CuO loading is increased above its dispersion capacity, 
the characteristics of crystalline CuO show clearly in XRD diagrams.  As the copper 
oxide loading concentration is increased, the XRD peaks intensities decreased 
regularly with lower crystallinity quality.  The large fraction of CuO were located on 
the external surface of the zeolite crystals and led to a narrowing of the pore 
openings on the zeolite, which suppressed the further penetration of CuO into the 
pores of the zeolite.   
 
 
The average crystallite sizes estimated for CuO modified zeolite Na-Y 
particles by the Scherrer equation are presented in Table 6.4.  As can be seen, the 
average crystallite sizes of the copper oxide particles below the dispersion capacity 
reacted with Na-Y zeolite after the heat treatment, thus decreased the particle sizes 
after the modification.  Meanwhile, the particle size of the modified samples that 
above 5 wt.% CuO increased with increasing copper oxide weight loadings.   
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Table 6.4: Effect of loading concentration on the structure characteristics of CuO 
modified Na-Y zeolite samples. 
Samples Loading (wt.%) a0 (Å) Relative Intensity (Irel) Particle Size (nm)* 
NaY  - 24.61 100.00 68.69 
CuO/NaY 2.00 24.62 96.02 53.13 
CuO/NaY 2.25 24.62 96.43 54.27 
CuO/NaY 5.00 24.68 86.45 68.68 
CuO/NaY 10.00 24.68 84.32 68.69 
CuO/NaY 15.00 24.68 70.15 79.35 
* Calculated based on Scherrer equation (Cullity, 1978). 
 
Figure 6.14 shows the relationship of crystallinity and residual crystalline 
CuO versus loading concentration of CuO in CuO/NaY system.  The amount of 
residual crystalline CuO can be determined by XRD quantitative phase analysis.  
When the CuO loading exceeds the dispersion threshold value, the residual CuO 
increased linearly with the total amount of CuO in the samples.  However, the peaks 
of crystalline CuO showed up in XRD patterns were reduced markedly after the heat 
treatment compared to the origin bulk copper (II) oxide.  The intercept of the straight 
line plotted was assigned to the maximum dispersion capacity of metal oxide that 
spread on zeolite surfaces (Gao et al., 2000; Xu et al., 2000; Wang et al., 2003; Zhu 
et al., 2004).  Therefore, the amount of CuO in the adsorbent corresponding to 2.25 – 
5 wt.% CuO loading is approximately equivalent to complete the dispersion on a 
surface area of the zeolite Na-Y support. 
 
 
The dispersion of metal oxide onto zeolite surfaces could disperse either as a 
monolayer or sub-monolayer form depending on types of metal oxide and support 
matrix used (Xie and Tang, 1990; Zhu et al., 2004).  The theoretical critical 
dispersion capacity of CuO dispersed as a monolayer or sub-monolayer could be 
determined according to the method reported by Xiao et al. (1998) and He et al. 
(2001).  Notably, the calculated theoretical value (0.078 g CuO) is larger than the 
critical dispersion capacity obtained from the XRD results.  It is concluded that CuO 
does not disperse on the surface of Na-Y as a close-packed monolayer.  It is the 
structure of Na-Y zeolite with partly ionic bonds between the cations and the Si-O-
Al-O surface of the Na-Y lead to the inability to form monolayer dispersion of CuO 
on the zeolite surfaces (Xu et al., 2005).   
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Figure 6.14: The influence of CuO loading concentration (wt.%) to the structure of 
modified samples. 
 
The loading concentration of metal oxide easily influences the pore sizes of 
zeolite systems.  Physical properties characterization results indicated that the BET 
specific surface area and micropore volume of CuO modified Na-Y zeolite samples 
were decreased with the increase of copper oxide loading concentration (Figure 
6.15).  Therefore, it is suggested that the pore size of zeolites can be designed to 
various degrees by dispersing various concentration loadings of metal oxide into 
zeolites, which is very important for the application on adsorbents by zeolites 
because different types of adsorbate required specific suitable pores of zeolites. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.15: Effect of CuO loading on Na-Y zeolite physical properties. 
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Moreover, copper (II) oxide loading concentration also gives significant 
effects on the chemical characteristics of Na-Y zeolite as illustrated in Figure 4.16.  
The structure sensitive Na-Y bands related to external linkages between tetrahedral at 
about 1145, 790, 725 and 576 cm-1 increase significantly in intensity with the 
increase of CuO loading concentration.  Since the heat treatment and other 
modification conditions remain the same for all samples, the changes of bands 
intensity might due to the characteristic of CuO species on the surfaces.  The bands 
are therefore assigning to a copper-oxygen vibration, which is formed by CuO 
coordinating with oxygen from the zeolite lattice.  Several works on metal oxide 
modified support with different loading concentration verified the changes in bands 
intensity from FTIR characterization are due to the dispersion effect of metal oxide 
on support surfaces (Chen et al., 1999; Xu et al., 2000; Zhu et al., 2005).    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.16: FTIR spectra of copper (II) oxide modified Na-Y zeolite: (a) CuO; (b) 
Na-Y; (c) Physical mixture of 2wt.% CuO/NaY; (d) 2wt.% CuO/NaY; (e) 5wt.% 
CuO/NaY; (f) 10wt.% CuO/NaY; and (g) 15wt.% CuO/NaY. 
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Besides that, the addition of copper oxide loading concentration also 
strengthens the affinity of samples to adsorb water molecules at ambient as can be 
seen from band intensity increment at 1638 cm-1 and 3447 cm-1 that assigned to 
water molecule structure and hydroxyls group, respectively.  However, the hydroxyls 
group at around 3447 cm-1 decreased with the CuO dispersion on the calcined 
samples if compared with the physical mixture sample before the calcination process 
(Figure 6.16c).  The dispersion of metal oxide was accompanied by a gradual 
consumption of free OH groups at the surface support.  Therefore, the results 
indicated consumption of hydroxyls groups by Cu species in the system, which 
confirmed a solid-solid reaction between CuO and the Na-Y supports and thus 
formation of Cu species at the surface after the heat treatment. 
 
 
 
 
6.2.3 Effect of calcination temperature 
 
 
Calcination temperature is one of the most important parameters that give 
effects on metal oxide modified zeolite physicochemical and gas adsorptive 
characteristics.  XRD has been used to study the effect of calcination temperature on 
the interaction between CuO and Na-Y as shown in Figure 6.17.  By varying the 
calcination temperature as variable, in the CuO/NaY system, when the heat treatment 
temperature is 773.15 K, the relative intensity of the modified sample increased as 
compared to the physical mixture of copper (II) oxide and Na-Y zeolite at ambient 
temperature.  Na-Y zeolite is thermally stable at 873.15K for 2.25 wt.% copper (II) 
oxide loading concentration with increasing crystallinity up to 96 %.  The structure 
of CuO-NaY zeolite remains unchanged and thermally stable up to 973.15 K with a 
lower crystallinity as shown in the XRD diagrams (Figure 6.17) and the relative 
intensity data (Table 6.5). 
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Figure 6.17: XRD patterns of 5 CuO/NaY samples after heat treatment: (a) CuO 
(298.15 K); (b) NaY (298.15 K); (c) 5 CuO/NaY (773.15 K); (d) 5 CuO/NaY 
(873.15 K); (e) 5 CuO/NaY (973.15 K); and (f) 5 CuO/NaY (1073.15 K). 
 
 
Table 6.5: Effect of calcination temperature on the structure characteristics of CuO 
modified Na-Y zeolite samples at 2.25 wt% loading. 
Samples T (K) a0 (Å) Relative Intensity (Irel) Particle Size (nm)* 
NaY  298.15 24.61 100.00 68.69 
CuO/NaY 298.15 24.64 91.00 79.35 
CuO/NaY 773.15 24.67 92.35 54.27 
CuO/NaY  873.15 24.62 96.43 54.27 
CuO/NaY 973.15 24.68 84.91 68.68 
CuO/NaY 1073.15 Structure collapse 
* Calculated based on Scherrer equation (Cullity, 1978). 
 
 
For samples calcined at temperature 773.15 K and below, the peaks of 
crystalline CuO are present, but with reduced intensity.  It revealed that heating at 
this temperature only causes CuO to disperse onto the surface of Na-Y as small grain 
particles distribution.  The relative intensity of the modified sample increases 
significantly when the sample is heated at 873.15K; CuO can disperse well at this 
calcine temperature and transformed into two-dimensional copper oxide dispersion 
species without showing any residual bulk crystalline CuO remains.  By further 
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increasing the calcination temperature, the agglomeration of copper (II) oxide was 
occurred thus decrease the crystallinity of the samples at 973.15 K.  The structure of 
the modified sample collapsed when the heat treatment temperature is increased to 
1073.15 K. These phenomena could be recognized from the physical properties 
characterization as well, in which the specific surface area decreased dramatically 
from 794.63 m2/g at 873.15 K heat treatment to 2.41 m2/g at 1073.15 K.   
Meanwhile, the micropore volume of the modified samples also following the same 
order, decreasing from 2.88 × 10-7 m3/g at 873.15 K to 5.89 × 10-10 m3/g at 1073.15 K 
calcination temperature.  High calcination temperature caused zeolite structural 
defect and lost of its properties.  The chemical characterization revealed that the 
structural and chemical composition bonding of copper oxide modified Na-Y zeolite 
remained stable for calcination temperature from 873.15 to 973.15 K. The modified 
zeolite structure is collapsed and the symmetric stretching of TO4 transformed into 
Si-O-Si functional group that is evidenced in Figure 6.18d.             
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.18: FTIR spectra of copper (II) oxide modified Na-Y zeolites calcined at 
different temperatures: (a) 773.15 K; (b) 873.15 K; (c) 973.15 K; and (d) 1073.15 K.  
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6.2.4 Effect of duration of calcination process 
 
 
By varying the duration for calcination process as shown in Figure 6.19, after 
the mixture has been heated at 873.15K for 12 hours, the peaks of crystalline CuO 
are still present, but with reduced bulk CuO intensity, indicating that some residual 
crystalline CuO still remain.  These residual CuO totally vanished after the samples 
were calcined up to 24 hours and above.  The crystallinity of the CuO modified Na-Y 
zeolite samples increases with the increase of calcination duration (Table 6.6).   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.19: The influence of calcination time to the structure of modified samples. 
 
 
Table 6.6: Effect of calcination time on the structure characteristics of CuO modified 
Na-Y zeolite samples at 2.25 wt% loading. 
Samples Time (h) a0 (Å) Relative Intensity (Irel) Particle Size (nm)* 
NaY  0 24.61 100.00 68.69 
CuO/NaY  0 24.64 91.00 79.35 
CuO/NaY 6 24.65 92.00 68.69 
CuO/NaY 12 24.64 93.16 68.69 
CuO/NaY  24 24.62 96.43 54.27 
CuO/NaY  48 24.62 103.26 65.20 
* Calculated based on Scherrer equation (Cullity, 1978). 
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The result indicates that at temperature 873.15 K, the dispersion process 
completes in about 24 hours and for which heat treatment less than 24 hours, the bulk 
phase of CuO transform into CuO surface dispersed species, CuO (bulk phase)            
CuO (surface species).  After the heat treatment for 24 hours and above, the 
formation of bulk phase CuO and surface species CuO occur simultaneous and 
reversibility, CuO (bulk phase)            CuO (surface species) thus further enhancing 
the dispersion of copper oxide into the zeolite surfaces.  However, it was observed 
that the longer the duration of calcination (48 hours) after the dispersion process 
completed, the larger the particle size of the adsorbent formed.  The effect of 
duration of calcination to the physical properties is listed in Table 6.7. 
 
 
Table 6.7: Effect of duration calcination to physical properties characteristics of 
CuO modified Na-Y zeolite samples at 2.25 wt% loading. 
Samples Time (h) 
BET 
surface area 
(m2/g) 
Micropore 
volume 
(×107 m3/g) 
Average pore 
diameter (Å) 
CuO/NaY 0 744.51 2.71 16.23 
CuO/NaY 6 790.23 2.87 16.02 
CuO/NaY 24 794.63 2.88 16.11 
CuO/NaY 48 813.55 2.97 15.87 
 
 
The BET specific surface area and micropore volume increase simultaneously 
with increasing of duration for calcination process.  Meanwhile, the average pore 
diameter generally represents a decline trend.  The increase in sample surface area 
and the decrease in pore size diameter perhaps are due to the well dispersion of CuO 
into the internal surface of zeolite matrix system.  Apart from that, the effect of the 
duration of calcination to the samples chemical properties and the bonding are 
identified through FTIR chemical characterization.  According to Nyquist and Kagel 
(1971), the bulk copper (II) oxide is in the region of 600 - 500 cm-1.  As revealed in 
Figure 6.20b, the band intensity of this region was found to increase after non heat 
treatment CuO dispersion (physical mixtures) compared to commercial zeolite Na-Y.   
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Figure 6.20: FTIR spectra of: (a) NaY; (b) CuO/NaY calcined for 0 hour; (c) 6 
hours; (d) 12 hours; (e) 24 hours; and (f) 48 hours. 
 
 
The intensity of bands (Figure 6.20 b – f) decreases with increasing of 
duration in calcination process.  In addition, the bands were found shifted to lower 
wavenumbers as the period of calcination process rose.  After the heat treatment for 
48 hours, the particle size of adsorbent increased, which might due to the addition of 
bulk phase CuO agglomeration, thus shifted back the wavelength to higher value at 
band frequency of 576.87 cm-1 (Figure 6.20 f).  As reported by Dong et al. (1997), 
regarding the relationship between the dispersed metal oxide species and the heat 
treatment time, the result indicates that at a temperature, which the dispersion 
process has been completed, more heat treatment would cause the formation of a 
close-packed capping O2- layer and the formation of bulk phase metal oxide on 
zeolite surface.  Hence, satisfactory heat treatment duration is very important for the 
well dispersion of metal oxide on the zeolite surfaces.  It is another crucial factor that 
determined the structural and physicochemical properties of metal oxide modified 
zeolite adsorbents.              
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4.2.5 Effect of modification techniques 
 
 
There are several types of modification techniques can be used to disperse 
metal oxides onto/into zeolite Na-Y host matrix system.  Copper (II) oxide and 
gallium (III) oxide modified zeolite Na-Y adsorbents prepared by thermal dispersion 
method (TD) and incipient wetness impregnation method (IWI) are compared in this 
work at the same loading concentration of five metal oxide/Na-Y (290 µmol/g 
adsorbent).   
 
 
From the results presented in XRD pattern as shown in Figure 6.21, none of 
the crystalline CuO modified zeolite Na-Y is detected on both samples that prepared 
via different techniques.  These data suggested that the copper (II) oxide is probably 
dispersed as sub-monolayer in or on the surface of the Na-Y support.  The sample 
prepared by thermal dispersion shows slightly higher crystallinity compared with 
incipient wetness impregnation technique. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.21: XRD patterns of CuO/NaY samples: (a) CuO; (b) NaY; (c) 5 CuO/NaY 
prepared by thermal dispersion technique; and (d) 5 CuO/NaY prepared by incipient 
wetness impregnation technique.   
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On the other hand, as expected, high melting point compound for example, 
gallium (III) oxide crystallites peaks showed slightly in the thermal dispersed sample 
but none of the sharp peaks characteristic of Ga2O3 crystallites is detected on the 
impregnated sample (Figure 6.22).  The heat treatment at 873.15 K, which is below 
than Ga2O3 Tammann temperature (1007.15 K) is not enough to disperse oxide well 
as monolayer or sub-monolayer coverage on the zeolite surfaces using thermal 
dispersion method.  In addition, higher temperatures than 973.15 K will cause the 
structure of zeolite totally collapse as discussed above.  Thereinafter, incipient 
wetness impregnation techniques is utmost important to be applied in the preparation 
of high melting point metal oxides into zeolite Na-Y system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.22: XRD patterns of Ga2O3/NaY samples: (a) Ga2O3; (b) NaY; (c) 5 
Ga2O3/NaY prepared by thermal dispersion technique (∗ - Ga2O3); and (d) 5 
Ga2O3/NaY prepared by incipient wetness impregnation technique.   
 
 
However, physical properties characterization found out that the samples 
prepared by incipient wetness impregnation techniques always have higher specific 
surface area and micropore volume than the samples modified using thermal 
spreading technique for both types of metal oxides (Table 6.8).  In contrast, thermal 
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dispersion technique produced metal oxide modified zeolite samples with bigger 
average pore diameter.  Even though incipient wetness impregnation method is 
perhaps more preferable for preparing high surface area gas adsorbent, it does not 
mean that this method would in certainty presents higher gas adsorption capacity.  
This is because the gas adsorption process is not only governed by the surface area 
but also the pore size of the sample as well as the adsorbate properties.   
 
 
Table 6.8: Surface area and pore size characterization of CuO/NaY and Ga2O3/NaY. 
Samples 
Micropore 
surface area 
(m2/g) 
External 
surface area 
(m2/g) 
Micropore 
volume 
(×107 m3/g) 
Average 
pore 
diameter 
(Å) 
CuO/NaY (TMD) 773.69 20.94 2.88 16.11 
CuO/NaY (IWI) 841.68 16.99 3.14 15.79 
Ga2O3/NaY (TMD) 693.15 18.05 2.59 16.39 
Ga2O3/NaY (IWI) 772.40 18.61 2.88 15.92 
* TMD = thermal monolayer dispersion; IWI  = incipient wetness impregnation. 
 
 
Thereinafter, from the structural and physicochemical characterization on 
metal oxide modified Na-Y zeolite adsorbents, it is inferred that types of metal oxide, 
metal oxide loading concentration, calcination temperature, duration of calcination 
treatment parameters and modification techniques easily influence the physical and 
chemical properties of zeolite systems.  Thus, the understanding and well controlled 
of these modification parameters are very important to manipulate the adsorptive 
properties of adsorbents to suit for a specific application. 
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6.3 Gas Adsorption Characteristics 
 
 
6.3.1 Adsorption equilibrium 
 
 
A study of the adsorption capacity of metal oxide modified zeolite Na-Y will 
be presented for the adsorption of CO2, N2 and CH4.  Based upon the results obtained 
from the equilibrium adsorption capacity and the corresponding heat of adsorption 
that measured, the effect of the metal oxide modification in the adsorption of each 
type of gases could be evaluated.  The influences of metal oxides modified zeolite 
system on gas carbon dioxide (3.3 Å), gas nitrogen (3.64 Å) and gas methane (3.8 Å) 
were investigated in single adsorbate adsorption atmosphere at 323.15 K and 
equilibrium pressure of 138 kPa.  Adsorbate uptake capacity was measured until 
equilibrium reached.   
 
 
 
 
6.3.1.1 Effect of various metal oxides 
 
 
Twenty types of metal oxides that have been dispersed on the surfaces of Na-
Y zeolite were investigated into their gas adsorptive characteristics. Different types 
of metal oxides from various groups of elements in the Periodic Table would cause 
different gases adsorption characteristics as shown in Table 6.9.  For gas carbon 
dioxide adsorption equilibrium study, all samples showed great adsorption rates and 
capacity at initial adsorption state, which is achieved around 70 % of total adsorption 
capacity within 30 minutes adsorption time.  It is probably due to the specific 
interactions of the quadrupole of the CO2 molecule with the basicity properties or 
electric field created by the cations from metal oxide compound that existing in the 
structure of the zeolites.  Apart from that, the kinetic diameter of CO2 is the smallest 
among three gases that enable gas molecules to diffuse more easily into zeolite 
micropore system at initial adsorption condition.  From the results obtained (Table 
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6.9), it is observed that many types of metal oxide modified Na-Y have enhanced the 
CO2 adsorption capacity.  Group II A metal oxides with high basicity properties 
showed great CO2 adsorption capacity following the sequences: MgO > BaO > CaO.  
As expected, Vanadium (V) oxide with the lowest specific surface area and high 
acidity properties presenting the lowest gas CO2 adsorption capacity.   
 
 
Table 6.9: Gas adsorption capacity of adsorbents studied at 323.15 K and 138 kPa. 
Group of 
Elements 
(Periodic 
Table) 
Samples 
CO2 
Adsorption 
Capacity 
(×103 mol/g) 
N2 
Adsorption 
Capacity 
(×103 mol/g) 
CH4 
Adsorption 
Capacity 
(×103 mol/g) 
- NaY  3.83 4.56 10.21 
MgO/NaY 4.97 4.43 9.14 
CaO/NaY 4.59 5.26 11.46 IIA 
BaO/NaY 4.74 4.53 12.84 
IIIA Ga2O3/NaY 3.13 4.37 6.58 
GeO2/NaY 3.44 4.25 6.89 
SnO/NaY 4.36 4.20 9.12 IVA 
PbO/NaY 3.04 2.18 4.68 
Cu2O/NaY 3.24 4.11 8.56 
CuO/NaY 4.24 4.82 13.44 IB 
Ag2O/NaY 4.10 3.98 7.40 
ZnO/NaY 3.32 4.63 9.45 IIB HgO/NaY 4.70 5.70 14.24 
IIIB Y2O3/NaY 4.17 3.66 8.85 
VB V2O5/NaY 1.77 1.96 4.10 
MoO3/NaY 3.28 3.08 4.76 VIB WO3/NaY 3.67 3.62 6.89 
Fe2O3/NaY 3.84 4.14 8.18 
Co3O4/NaY 4.20 4.80 7.60 
NiO/NaY 3.72 3.43 8.33 VIIIB 
PdO/NaY 4.75 4.09 6.94 
 
 
As for gas nitrogen adsorption equilibrium, the results found out that five 
types of metal oxide demonstrate a marked increase in the N2 adsorption capacity.  
The increase in the gas nitrogen adsorption capacity among oxides dispersed was in 
the following sequences: HgO > CaO > CuO > Co3O4 > ZnO.  Mercury (II) oxide 
modified zeolite Na-Y exhibited the most pronounced effect for increasing the 
capacity up to 5.7 mmol/g adsorbent which is 25 % higher compare to unloaded Na-
Y zeolite.  This capacity value is far higher than the results reported for ion-
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exchanged modified zeolite adsorbents (Chao, 1989; Coe et al., 1993; Fitch et al., 
1995).  Meanwhile, V2O5/NaY greatly diminished the surface areas and showed the 
least pronounced effect by decreasing the N2 adsorption capacity.   
 
 
On the other hand, the dispersion of HgO, CuO, BaO and CaO modified Na-
Y demonstrate the increment characteristics of gas methane adsorption capacity 
compared with unmodified Na-Y zeolite, in which the HgO added Na-Y increased 
the methane adsorption capacity up to 39.5 %, followed by CuO/Na-Y (31.6 %), 
BaO/Na-Y (25.8 %) and CaO modified Na-Y (12.24 %).  As for vanadium (V) oxide 
modified sample, it shows the same adsorption behavior with gas CO2 and N2, which 
shows the lowest adsorption capacity toward gas methane.  This might due to its 
inherent physicochemical properties since the same amounts of metal oxides were 
added for each sample.   
 
 
Despite of that, it was interesting to found out that the adsorption affinity and 
saturation volume of CH4 for all samples are larger than those of CO2 and N2 when 
the adsorption process reached the equilibrium state at this experimental adsorption 
conditions (Table 6.9).  This distinct behavior of CH4 adsorption equilibrium 
observed is coincides with the results obtained by Hernández-Huesca et al. (1999), in 
which when the temperature is increased from 273.15 to 313.15 K, the amount of 
adsorbed CH4 would increase with temperature. 
 
 
It was inferred from the experimental screening results that Group II B 
transition metal oxides (ZnO, HgO) modified zeolite Na-Y represent a great potential 
as gas methane and nitrogen adsorbent compared with other types and groups of 
metal oxides.  Mercury (II) oxide probably improves the affinity of Na-Y toward 
those adsorbates with quadrupole moment properties.  Meanwhile, Group II A metal 
oxides modified Na-Y revealed promising results to be applied as excellent gas CO2 
adsorbents.  As realized, carbon dioxide is an acid gas.  The carbon atom of a CO2 
molecule would exhibit electrophilicity, the electron density is deviated and enriched 
in the oxygen side (Horiuchi et al., 1998).  Oxygen anions of the metal oxide that 
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dispersed into/onto Na-Y surfaces would provide the basic sites to interact with gas 
CO2.  Therefore, the low electronegativity of Group II A metal cations (high basicity) 
added would increased the acid CO2 adsorption capacity compared with other groups 
of metal oxide.   
 
 
Accordingly, high surface area adsorbents are essential for gas adsorption 
(Suzuki, 1990).  A large specific surface area is needed to provide more active 
adsorption sites for large adsorption capacity.  Meanwhile, the micropore volume 
determines the accessibility and amount of adsorbate molecules that can be adsorbed 
in the internal zeolite surfaces.  Figure 6.23 shows the effect of specific surface area 
and micropore volume on the gases adsorption capacity.  It was observed that the 
amount of gases adsorbed do not posses a linear relationship with the specific surface 
area and micropore volume of adsorbents, even though the incremental of gases 
adsorption on the adsorbents are seem to be proportional to both of the parameters.  
It appeared that the regression of error is rather significant, especially for gas 
methane adsorption.  Therefore, it can be conferred that specific surface area and 
micropore volume are not the only main determining factor in gas adsorption 
characteristics of metal oxide modified Na-Y zeolite adsorbents. 
 
 
Generally, from the surface area and pore size characterization, it is obvious 
that the adsorption of CO2, N2 and CH4 with unmodified and metal oxide modified 
Na-Y adsorbents are not limited by the steric factor; the gases molecules could freely 
penetrate into the cages towards the micropore.  The accessibility of gas molecule is 
restricted only if the pore blockage occurred due to the collapse of the Na-Y structure 
after the modification or the agglomeration of bulk metal oxide on the zeolite 
surface.   
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Figure 6.23: Effect of specific surface area and micropore volume on gases 
adsorption capacity. 
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The bulk diffusion transport is expected to be fast.  The overall transport of 
gas in Na-Y is influenced by both adsorbate-adsorbent interaction and diffusion 
characteristics in micropores (Gardner et al., 2002; Weh et al., 2002).  However, the 
relative pore structure or pore space that modified by metal oxides dispersion and 
adsorbate molecular geometries likely play the most important role than adsorption 
equilibrium. This is supported by the fact the adsorption capacity of gas CH4 in 
saturation condition are larger than CO2 and N2 even though the apparent kinetic 
diameter of CH4 is slightly larger than N2 and CO2.  The support relative molecular 
size and pore structure after the modification have very strong effects on selective 
gas adsorption and permeation (Cui et al., 2004).  Therefore, results infer the relative 
adsorption capacity over the equilibrium pressure does not solely depend on the 
surface area and pore volume, but strongly rely on the numbers of cations available 
per unit mass of zeolite and the limiting volume of the micropores after the metal 
oxide modification.  The structure and physicochemical properties of zeolite Na-Y 
modified with various types of metal oxides that change accordingly are responsible 
for the improvement in shape-selective properties as gas adsorbent.   
 
 
 
 
6.3.1.2 Effect of loading concentration 
 
 
Copper oxide itself with relatively low melting point, easily undergo 
crystalline growth and thermal sintering, and as a result the adsorbent capacity 
decreases rapidly.  In order to increase the surface area and stability of copper oxide-
based adsorbent, copper oxides have been supported on an inactive and porous 
support, such as aluminium oxide, silicon dioxide and activated carbon (Tseng and 
Wey, 2004).  Zeolites Na-Y can meet most of the desirable properties required for a 
suitable support.  It is well known that the dispersion of an active metallic phase on a 
support depends not only on the surface area and porosity, but also on the chemistry 
of the support surface.  As a consequence of this, the recently study is carried out 
used zeolite Na-Y as copper oxide-based adsorbent supports for investigating CH4 
adsorption characteristics. 
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The influence of CuO loading concentration on the CH4 adsorption 
performance of CuO/Na-Y was investigated in pure CH4 atmosphere at 323.15 K and 
the results are shown in Figure 4.24.  Before the adsorption process was carried out, 
blank Na-Y support was calcined at 873.15 K for 24 hours using as a standard 
reference sample.  The Na-Y zeolite without CuO dispersion showed a CH4 
adsorption capacity of 8.4 mmol/g-adsorbent.  When the CuO loading was 2.0 wt.%, 
the CH4 adsorption capacity was only increased to 9.8 mmol/g-adsorbent.  When the 
CuO loading further increased, the adsorption capacity increased.  The adsorption 
capacities were extremely increased up to 13.4 mmol/g-adsorbent for the CuO 
loading of 2.25 wt.%, which is 60 % higher than that of blank Na-Y.   
 
 
If the assumption that the CuO and the Na-Y were simply mechanically 
mixed in the modified sample is true, the adsorption capacity of CuO/NaY should be 
the linear sum of the adsorption capacity contributed from Na-Y and pure bulk CuO, 
and was calculated to be around 8.43 mmol/g-adsorbent.  This result is nearly 
identified with the sample (physical mixing) without heat treatment (T = 298.15 K) 
as shown in Figure 6.25, with methane adsorption capacity of 8.9 mmol/g-adsorbent.  
However, the adsorption capacities of the modified samples obtained in this study 
were far higher than that value.  The results once again proved that CuO are loaded 
into the Na-Y cages or be coated on the external surface of the Na-Y after the 
thermal treatment.  For 2.25 wt.% of CuO loading concentration, there is not simply 
a physical mixture between copper oxide and Na-Y adsorbent that caused the 
significant improvement in methane adsorption capacity.  By increasing the CuO 
loading concentration above its critical dispersion capacity (> 2.25 wt.%), the CH4 
adsorption capacity decreased from 5 wt.% to 15 wt.%.  The CuO loading 
concentration at 10 wt.% or above probably formed agglomeration of bulk CuO on 
the zeolite surfaces and block the pore windows, which restricts the further diffusion 
of gas CH4 to adsorb on the active adsorption sites on the zeolite internal surfaces. 
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Figure 6.24: Effect of copper (II) oxide loading concentration on methane 
adsorption characteristics. 
 
 
 
 
6.3.1.3 Effect of calcination temperature 
 
 
Calcination temperature plays an important role that determining the well 
dispersion of CuO into/onto the Na-Y zeolite surfaces.  From the results obtained as 
revealed in Figure 4.25, it is observed that the sample prepared at room temperature 
by physically mixing of CuO and Na-Y zeolite gives CH4 adsorption capacity up to 
8.9 mmol/g-adsorbent.  Thermal treatment at 773.15 K had increased the adsorption 
capacity to 11.3 mmol/g-adsorbent.  Further increasing the calcination temperature to 
873.15 K presenting a maximum adsorption affinity up to 13.4 mmol/g-adsorbent.  
This results indicated that a suitable calcination temperature (873.15 K) is utmost 
critical to ensure the transformation of all three-dimensional bulk CuO to two-
dimensional dispersed species.  However, the calcination temperature higher than the 
critical value at 973.15 K caused the CuO dispersed species migrate out to the 
external surfaces as has been explained in the structural characterization section, 
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forming agglomeration of bulk CuO that significantly decrease the adsorption 
capacity to 8.8 mmol/g-adsorbent.  The structure of modified sample collapsed for 
heat treatment at 1073.15 K with only 0.06 mmol CH4 adsorbed per gram adsorbent. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.25: Effect of calcination temperature on methane adsorption characteristics. 
 
 
 
 
6.3.1.4 Effect of calcination time 
 
 
By varying the duration of calcination process at 873.15 K, 6 hours of 
calcination duration improved CH4 adsorption capacity to 10.1 mmol/g-adsorbent.  
Meanwhile, 12 hours and 24 hours of calcination at this dispersive temperature 
significantly keep enhancing the CH4 adsorption performances up to 12.9 mmol/g-
adsorbent and 13.4 mmol/g-adsorbent, respectively (Figure 6.26).  As stated in 
previous sample characterization section, for heat treatment duration more than 24 
hours, the mechanism of CuO that dispersed onto the zeolite surfaces are in 
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reversible form between bulk CuO phase and dispersed species.  Therefore, 48 hours 
of calcination process not just only increased the particle sizes and agglomeration of 
bulk CuO of the modified samples, but also brings to the decrement of CH4 
adsorption capacity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.26: Effect of duration calcination process on methane adsorption 
characteristics. 
 
 
 
 
6.3.1.5 Effect of modification techniques 
 
 
Thermal dispersion (TD) and incipient wetness impregnation (IWI) were 
employed for the preparation of 5 CuO/Na-Y.  For the thermal dispersion method, 
CuO was grinded into powder and mixed uniformly with Na-Y support at room 
temperature.  The powder mixture was heated up to 873.15 K and held at that 
temperature for 24 hours.  The adsorption performance of this absorbent was 
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compared with that of the adsorbent prepared by the wet impregnation method using 
Cu(NO3)2 as copper oxide precursor at the same loading concentration (Figure 6.27).  
At 138 kPa and 873.15 K, on thermally dispersed 5 CuO/NaY, the amount adsorbed 
of CH4 was 13.4 mmol/g.  The capacity of this sample is 3.9 % slightly greater than 
of the same adsorbent prepared by impregnation method.  However, when the 
surface areas were compared, the micropore surface area of sample prepared by 
incipient wetness impregnation method (850 m2/g) is higher than the one modified 
via thermal dispersion method (774 m2/g).  Meanwhile, the external surface area of 5 
CuO/Na-Y (TD) sample - 21 m2/g is higher than 5 CuO/Na-Y (IWI) - 17 m2/g.  
Therefore, the micropore surface area is not a determining factor that gives the 
enhancement to the gas CH4 adsorption capacity.  The higher adsorption capacity for 
the thermal dispersion method was possibly caused by the uniform dispersion of 
CuO into the Na-Y channels, the pore sizes that being modified after the dispersion 
and adding by the moltening effect on the external surfaces, which provides more 
copper active sites for CH4 adsorption. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.27: Effect of modification techniques on methane adsorption 
characteristics. 
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6.3.2 Heat of adsorption  
 
 
6.3.2.1 Effect of different adsorbate 
 
 
Gas adsorption is an exothermic process.  The correlation between isosteric 
heat of adsorption and amount of gases adsorbed is important for characterizing the 
metal oxides modified Na-Y adsorbents.  The isosteric heats of gas adsorption were 
calculated from the equilibrium data at different temperatures.  The amount of gases 
adsorbed were calculated only when the adsorption equilibrium (saturation volume) 
were reached.  At constant adsorbate loading, the isosteric heat of gases adsorption 
decrease with the increase of the amount of adsorption due to adsorbate-adsorbent 
interactions, through the interactions of gases with the most active adsorption sites.  
Subsequently, the isosteric heat of adsorption was found to increase with the increase 
amount of gas adsorbed, caused by the presence of adsorbate-adsorbate interactions 
(Hernández-Huesca et al., 1999).  In other words, heat of adsorption is linearly 
related to the gas adsorption capacity. 
 
 
It has been reported that the heat of adsorption for carbon dioxide, nitrogen 
and methane various significantly.  The value is much depending on the nature of the 
adsorbate and adsorbent.  The heat of adsorption for N2 has been reported in the 
literatures at around 17 - 28 kJ/mol (Savitz et al., 2000; Yoshida et al., 2001; Bülow 
et al., 2002; Maurin et al., 2005), 20 – 25 kJ/mol for CO2  (Choudhary and Mayadevi, 
1996; Shen and Bülow, 1998; Bülow et al., 2002) and 16 – 21 kJ/mol for CH4 
(Choudhary and Mayadevi, 1996), which are more or less consistent with the results 
obtained in this study.   
 
 
The isosteric heat of adsorption and entropy of adsorption obtained in this 
study were calculated based on Equations 2.6 and 2.7. The isosteric heat of CO2 
adsorption, N2 adsorption, and CH4 adsorption (Figures 6.28-6.30) of some selected 
samples are found to increase linearly with the increase of gases adsorption capacity.    
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Figure 6.28: Relationship between N2 adsorption capacity and isosteric heat of 
adsorption. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.29: Relationship between CO2 adsorption capacity and isosteric heat of 
adsorption. 
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Figure 6.30: Relationship between CH4 adsorption capacity and isosteric heat of 
adsorption. 
 
 
For instance, the value of N2 isosteric heat of adsorption and entropy are 27.9 
kJ/mol and 121.8 J/mol.K (Table 4.10) for the starting Na-Y and increased by adding 
several types of metal oxides (CaO, BaO, CuO, HgO).  Different types of adsorbates 
were presenting different isosteric heat of adsorption behaviour.  It was observed that 
the isosteric heat of N2 adsorption for different types of modified samples were 
closed together and indicated the highest heat of adsorption, compared to gas CO2 
and CH4.  These probably are due to the adsorption characteristics of gas nitrogen 
that mainly controlled by the micropore of adsorbents.  Meanwhile, gas methane 
poses intermediate heat of adsorption value is because of the effect of micropore 
adding by active adsorption sites on the adsorbent surfaces.  Gas carbon dioxide on 
the other hands give less interaction with the adsorbents, high mobility on active 
adsorption sites on the surfaces, thus less isosteric heat of adsorption and entropy 
properties were obtained.   
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Table 6.10: Enthalpy and entropy of gaseous adsorption. 
Gas carbon dioxide Gas nitrogen Gas methane 
Sample ΔHst 
(kJ/mol) 
ΔS 
(J/mol.K) 
ΔHst 
(kJ/mol) 
ΔS 
(J/mol.K) 
ΔHst 
(kJ/mol) 
ΔS 
(J/mol.K) 
NaY 18.1 92.7 27.9 121.8 21.4 95.5 
MgO/NaY 25.7 115.2 26.4 118.3 17.6 78.7 
CaO/NaY 25.3 114.3 29.1 124.3 28.7 117.3 
BaO/NaY 22.8 106.2 30.6 130.9 30.0 120.5 
Cu2O/NaY 17.6 92.4 29.6 128.4 21.8 97.8 
CuO/NaY 22.0 104.7 28.8 124.3 34.1 133.1 
ZnO/NaY 18.1 94.3 27.1 119.8 25.4 108.1 
HgO/NaY 23.8 109.6 31.3 130.7 33.2 129.7 
V2O5/NaY 17.5 98.5 23.1 114.9 17.3 92.0 
 
 
 
 
6.3.2.2 Effect of different metal oxide 
 
 
Different types of metal oxides modified Na-Y also give significant variety in 
their isosteric heat of adsorption as well as entropy properties.  The largest increase 
in the nitrogen enthalpy and entropy among the oxides was obtained for HgO 
modified Na-Y which are 31.3 kJ/mol and 130.7 J/mol.K, respectively.  As for 
carbon dioxide, MgO/NaY give the most pronounce effect for increasing the Na-Y 
isosteric heat of adsorption from 18.1 to 25.7 kJ/mol.  CuO/NaY on the other hands 
enhances the methane and adsorbents interaction with the increase of isosteric heat of 
adsorption up to 59 %.  Meanwhile, V2O5 modified Na-Y showed the least heat of 
adsorption as well as entropy compared to unmodified Na-Y for all three types of 
adsorbate.  Hence, the physicochemical properties of metal oxides that dispersed on 
the zeolite surfaces would alter the properties of adsorbent and give influences to the 
adsorbate adsorption characteristics.    
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According to Savitz et al. (2000), one can make a reasonable assumptions 
that the van der Waals and electrostatic components are additive.  By taking this 
peculiarity, the adsorbate interactions with metal oxides particularly and effect of 
metal oxides added to Na-Y zeolite can be determined from the difference between 
the isosteric heats on the metal oxide modified Na-Y samples and unmodified zeolite 
Na-Y.  From the results obtained, the heat of adsorptions for gas CO2, N2 and CH4 
that are less to unmodified zeolite Na-Y will indicate less gas interaction with 
adsorbents.  For example, Cu2O/NaY, ZnO/NaY and V2O5/NaY samples indicated 
lower isosteric heat of carbon dioxide adsorption and entropy properties compared to 
unmodified Na-Y zeolite. Meanwhile, MgO/NaY and V2O5/NaY show less isosteric 
heat of nitrogen and methane adsorption released during the adsorption process 
compared to unmodified Na-Y. As a consequence, less gas adsorption capacity was 
obtained.   
 
 
 
 
6.3.3 Adsorption kinetics 
 
 
6.3.3.1 Initial gas uptake rate 
 
 
In adsorption kinetics study, the initial uptake rate was measured during the 
initial period of adsorption at constant volume, pressure and temperature condition 
using Equation 2.8. Generally, initial gas uptake rate constants are linearly related to 
the diffusion coefficient as well as energy of activation for diffusion as given by 
Equation 2.11 (Hernández-Huesca et al., 1999).  There are many factors governing 
the peculiarity of gases diffusion for metal oxide modified Na-Y.  These include the 
structure changes (pore sizes) associated with physical treatment; metal oxide 
distribution; particle size and temperature of adsorption.   
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Gas carbon dioxide uptake rates for the first 20 minutes of adsorption is 
found to be always faster than gas methane and followed by gas nitrogen.  On this 
basis, it can be assumed that if the gaseous mixture is put into contact with zeolite as 
adsorbent in a short time adsorption process, gas CO2 would be adsorbed 
preferentially.  The adsorption of gases by Na-Y and metal oxide modified Na-Y 
adsorbents have rapid uptake in the early period, while it slows down at latter periods 
of the adsorption process.  For an example, these adsorption equilibrium and kinetics 
characteristics were illustrated in Figure 4.31 for MoO3 modified Na-Y zeolite.  The 
amount of gas adsorbed has been normalized in order to compare the initial gas 
uptake rates for different types of adsorbate. Gas carbon dioxide adsorbed rapidly to 
around 0.76 fractional uptake of CO2 in 20 minutes.  Gas methane with a slower 
uptake rate, achieved the same amount of adsorbate in 35 minutes time.  Meanwhile, 
gas N2 only obtained 0.06 fractional uptake of nitrogen for the initial 20 minutes of 
adsorption.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.31: Gases adsorption characteristics of MoO3 modified Na-Y adsorbent at 
138 kPa and 323.15 K.   
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Different types of adsorbate and metal oxide strongly influence the 
equilibrium adsorption time requirement as well as its gas adsorption kinetic 
characteristics.  The adsorption time that required for an adsorbate to reach 
equilibrium was shown in Appendix B.  In average, the time to reach equilibrium is 
120 minutes for CO2, 120 minutes for CH4 and 300 minutes for N2.  As in Table 
6.11, generally gas nitrogen would take longer time to reach equilibrium compared to 
gas carbon dioxide and gas methane.  However, it was found out that even though the 
CO2 adsorption process for several types of samples studied reached the saturation 
condition faster than methane adsorption process, the adsorption capacity is still 
lower compared with methane.  These results touted that the adsorption processes 
that reach equilibrium state faster would not necessary result in higher adsorption 
capacities.  It depends on the structure and physical properties of adsorbate and 
adsorbent as well as the extent of interaction of adsorbate with adsorbent surfaces 
(Hassan et al., 1995; Massman, 1998; Marecka and Mianowski, 1998; Steel and 
Koros, 2003; Ahn et al., 2004; Luca et al., 2004).  
 
Table 6.11: Equilibrium adsorption time requirement for adsorbents studied. 
Group of 
Elements 
(Periodic Table) 
Samples Gas CO2 (min) 
Gas N2 
(min) 
Gas CH4 
(min) 
- NaY  90 275 105 
MgO/NaY 125 330 65 
CaO/NaY 180 230 65 IIA 
BaO/NaY 170 245 60 
IIIA Ga2O3/NaY 180 305 200 
GeO2/NaY 110 300 305 
SnO/NaY 60 350 145 IVA 
PbO/NaY 75 245 65 
Cu2O/NaY 160 350 125 
CuO/NaY 70 260 55 IB 
Ag2O/NaY 95 290 130 
ZnO/NaY 155 280 95 IIB HgO/NaY 135 160 60 
IIIB Y2O3/NaY 110 290 80 
VB V2O5/NaY 140 330 60 
MoO3/NaY 90 390 145 VIB WO3/NaY 100 375 130 
Fe2O3/NaY 135 390 85 
Co3O4/NaY 115 345 190 
NiO/NaY 90 245 145 VIIIB 
PdO/NaY 140 350 200 
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6.3.3.2 Diffusion rate constant 
 
 
By employing the metal oxides-Na-Y zeolite modification, the gas adsorption 
kinetics is improved significantly.  Adsorption kinetics was measured from the 
adsorbate uptake curves versus time of the three gases until equilibrium was reached.  
Based on Equation 2.10, the linear parts of the initial adsorption curves were selected 
to calculate the gas diffusion parameter, D/R2 in unit s-1.  The slopes of the curves 
(diffusion parameter, D/R2) can be used to characterize the system towards 
equilibrium.  Figures 6.32 to 6.34 illustrate the kinetics of diffusion of gas CO2, N2 
and CH4 into unmodified Na-Y and some representative metal oxide modified Na-Y 
adsorbents at 138 kPa and 323.15 K.  As shown in Figure 6.32, gas CO2 adsorb 
rapidly early in the adsorption period, while it slows down tentatively when the 
adsorption reached about 0.60 fractional uptake.  The slopes of the initial uptake for 
metal oxide modified Na-Y zeolite samples obtained seem to have no significant 
difference with unmodified Na-Y zeolite.  Meanwhile, gas nitrogen diffusivities 
show a stable gas uptake until the adsorption process reached the equilibrium (Figure 
6.33).  For gas methane diffusion characteristics, the differences of diffusion uptake 
rate of studied samples are rather significance as illustrated in Figure 6.34.   
 
 
The adsorption kinetics of three gases behaves differently.  However, the 
similar trends were observed from the slopes of the curves plotted suggest that the 
faster adsorption kinetic rates are, resulted in the significant improvement on the 
gases adsorption capacities.  The gas diffusion parameters (D/R2) of studied 
adsorbents are summarized in Table 6.12.  As is presented by the results, the 
adsorption kinetics behavior of metal oxide modified Na-Y zeolite obeys the Fick’s 
second diffusion law.  All the correlation coefficients for linear regression using least 
squares method analysis are larger than 0.99, except for some samples of gas CO2 
adsorption.  Furthermore, the diffusion parameters have clear trends, the higher 
adsorption rate at initial stage resulted in higher adsorption capacity because of the 
higher driving force in the adsorption process.   
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Figure 6.32: Kinetics of CO2 diffusion into Na-Y and metal oxide modified Na-Y 
adsorbents at 138 kPa and 323.15 K. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.33: Kinetics of N2 diffusion into Na-Y and metal oxide modified Na-Y 
adsorbents at 138 kPa and 323.15 K. 
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Figure 6.34: Kinetics of CH4 diffusion into Na-Y and metal oxide modified Na-Y 
adsorbents at 138 kPa and 323.15 K. 
 
 
According to Hasegawa et al. (2001), the N2 diffusivities were not strongly 
affected by the adsorption but might be related to the size of micropores.  Therefore, 
N2 molecules slowly diffuse through the macropores, transport through pore mouth 
barrier and diffuse into the micropore system.  That is the reason showing the stable 
gas uptake rate of samples as obtained in this study.  Metal oxide dispersed mostly 
stay on the external surface and in the pore mouth region of the zeolite, in which give 
influences to the nitrogen diffusivity.  For gas CH4, the adsorption is somehow 
related to the size of micropores adding by the interaction with adsorbent surfaces.  
Hence, the rate constants for some metal oxides modified Na-Y are significantly 
higher compared to unload Na-Y. In the case of CO2, the interaction between carbon 
dioxide and adsorbent could affect the diffusivity of CO2.  The transport of gas CO2 
on the surfaces has been described as molecules jumping from one adsorption site to 
another (Hasegawa et al., 2001).   
 
 
The diffusion parameters as observed from Table 4.12 to achieve equilibrium 
status are following the sequences of CO2 > CH4 > N2.  This is due to the smallest 
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kinetic diameter of gas CO2 molecule to diffuse easily into zeolite micropore system.   
Adsorption energy of CO2 is also found to be always larger than that of methane and 
much larger than that of nitrogen for the adsorption into pores at all size ranges 
(Hassan et al., 1995; Charmette et al., 2004; Cui et al., 2004; Luca et al., 2004).  It is 
suggested that CO2 diffuses easily into the micropore system at the initial stage, the 
strong quadrupole and dipole interaction of the CO2 molecules and the adsorbents at 
longer time adsorption would reduce the probability of a jump and as a result 
suppress the CO2 diffusion significantly at higher coverage as revealed in Figure 
6.32.  Results also found out that metal oxide modified Na-Y zeolite samples do not 
significantly increase the CO2 diffusion parameters even though they slightly 
enhance the CO2 adsorption capacity.  In other words, metal oxide dispersion play 
the main role to the change of Na-Y zeolite pore mouth barrier as well as micropore 
size and shape, rather than act as active adsorption site on the zeolite surfaces.  
 
 
Based on the gas characterization data – adsorption equilibrium and 
adsorption kinetics presented, it is believed that dispersion of metal oxide onto Na-Y 
greatly influence the surface reactivity of metal oxide with gases and produce high 
adsorption capacity.  The pore structure and pore sizes that changed after the 
modification do responsible as well for the improvement of adsorption properties of 
zeolite.   
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Table 6.12: Gases adsorption kinetics for various adsorbents. 
Group of 
Elements 
(Periodic 
Table) 
Samples Gas CO2 D/R2 (×10-4 s-1)  R
2 Gas N2  D/R2 (×10-5 s-1) R
2 Gas CH4  D/R2 (×10-4 s-1) R
2 
- NaY  2.89 1.000 1.76 1.000 0.69 0.999 
MgO/NaY 3.38 0.991 2.48 0.999 0.28 1.000 
CaO/NaY 3.27 0.995 3.99 0.999 1.84 0.999 IIA 
BaO/NaY 2.90 0.991 2.81 0.999 1.78 0.999 
IIIA Ga2O3/NaY 1.91 0.998 1.74 1.000 0.22 1.000 
GeO2/NaY 2.32 0.982 1.46 1.000 0.17 1.000 
SnO/NaY 2.95 0.996 1.23 1.000 0.51 1.000 IVA 
PbO/NaY 1.94 0.982 0.69 1.000 1.58 0.997 
Cu2O/NaY 2.16 0.997 1.34 1.000 0.41 1.000 
CuO/NaY 2.91 1.000 1.58 0.999 2.07 0.998 IB 
Ag2O/NaY 2.05 0.981 2.16 1.000 0.52 0.999 
ZnO/NaY 2.82 0.996 2.62 0.999 0.56 0.999 IIB HgO/NaY 2.82 0.990 3.02 0.999 1.95 0.999 
IIIB Y2O3/NaY 2.08 0.999 1.76 0.999 1.25 0.996 
VB V2O5/NaY 0.14 0.987 0.65 0.999 0.33 0.998 
MoO3/NaY 2.03 0.986 1.70 0.999 0.61 0.998 VIB WO3/NaY 2.68 0.982 1.63 1.000 0.56 1.000 
Fe2O3/NaY 2.28 0.994 1.26 0.999 1.05 1.000 
Co3O4/NaY 2.34 0.994 1.26 1.000 0.27 1.000 
NiO/NaY 2.85 0.989 1.76 0.999 0.38 1.000 VIIIB 
PdO/NaY 2.75 0.986 1.15 1.000 0.18 1.000 
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6.3.4 Gas – zeolite interactions 
 
 
The understanding of interaction between the adsorbed molecules on a metal 
oxide modified Na-Y zeolite surface is of important phenomenon.  In situ FTIR 
spectroscopy is a powerful tool for studying the adsorbed species interaction with 
zeolite surface directly and the transport of interacting molecules in micropores of 
zeolites and modified zeolite systems (Bludau et al., 1998).  In this study, 
adsorptions of N2, CO2 and CH4 on Na-Y zeolite at room temperatures were studied 
by transmission FTIR spectroscopy.  These gases have different polarity, 
electrostatic multi-pole moments and molecular sizes (Arcoya et al., 1996).  The 
background spectrum, obtained after activation of the zeolite at 673.15 K for 2 hours 
but before adsorption of gas, was subtracted in each case.  Thus, all of the FTIR 
spectra obtained are the result of the interaction of gas with the zeolite surface only.   
 
 
 
 
6.3.4.1 Interaction of N2 on metal oxide modified Na-Y zeolite 
 
 
Non-polar gas N2 that presents very weak base property would interact with 
strong acid sites in zeolite.  Vibration of homomolecular diatomic nitrogen are 
infrared inactive in the gas phase (Ingle and Crouch, 1988).  However, adsorption in 
zeolite cavities would reduce the molecular symmetry of these molecules and results 
in the appearance of interaction in IR spectra (Wakabayashi et al., 1997; Valyon et 
al., 2003; Coluccia et al., 1999; Šljivančanin and Pasquarello, 2004).  One can obtain 
the frequency of N-N vibrations of nitrogen in gas phase at 2330 cm-1 from Raman 
spectra.   
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In the present study, N2 adsorption (equilibrium pressure was fixed at 138 
kPa) was carried out at 298.15 K of some selected samples (NaY, Ag2O/NaY, 
Cu2O/NaY, MgO/NaY, CaO/NaY, BaO/NaY, CuO/NaY, ZnO/NaY, HgO/NaY, 
V2O5/NaY) for the sake of brevity.  The N≡N stretching vibrations of the molecules 
adsorbed on Lewis acid centers fall in the region of 2360 – 2300 cm-1.  For all 
samples, a main absorption band is observed at 2340 - 2350 cm-1, which can be 
assigned to N≡N stretching vibration in the N2 molecule adsorbed on the metal cation 
species that existed on the zeolite surface.  The appearance of such a FTIR band 
indicates a strong interaction between the N2 molecule and metal cation species.  
Figure 4.35 reveals the areas under the peak corresponding to the physically 
adsorbed nitrogen species (2360 – 2300 cm-1) increased roughly linear with the 
corresponding adsorbed amounts which were measured earlier through 
Thermogravimetric Analyzer. The difference should be caused by the fact that the 
adsorption temperature used here (298.15 K), which was restricted by the apparatus 
condition, was lower than the adsorption temperature using gravimetric method in 
this study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.35: The corresponding areas of the FTIR spectrum peak at (2300 – 2360  
cm-1 region) versus the amount of N2 adsorbed on samples. 
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It has been also shown that nitrogen interacts with surface Si-OH groups to 
forms H-complexes when it is adsorbed on zeolite Na-Y.  Figures 6.36 (a) and (b) 
show the FTIR spectrum of the original OH groups in the samples that being 
calcined at 673.15 K.  A narrow absorption band with a maximum at 3695 cm-1 is 
observed, which is typical of silica and is assigned to vibrations of the Si-OH groups.  
Nitrogen also interacts with Si-OH groups upon absorption on SiO2 to form H-
complexes.  For convenience, it is obvious that the intensity of the absorption band at 
3200 – 3800 cm-1 region is enlarged in spectra (c) and (d) after N2 adsorption.  When 
N2 interact with the Me-O-OH groups, H-complexes are formed, the band due to the 
original OH groups weakens, and bands due to the hydrogen bonded Me-O-OH 
groups at 3346 cm-1 (Na-Y) and 3358 cm-1 (HgO/Na-Y) appear.  The extra 
absorption peaking at 3245, 3513 and 3543 cm-1 bands observed on HgO/Na-Y 
sample after N2 adsorption may assigned to the strong interaction of N2 molecule to 
the hydrogen bonded Hg-O-OH groups. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.36: FTIR spectra of: (a) activated Na-Y (673.15 K); (b) activated 
HgO/NaY (673.15 K); (c) N2 adsorbed at 298 K on Na-Y (135 kPa); and (d) N2 
adsorbed on HgO/Na-Y at 298 K and 138 kPa. 
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On the other side, the FTIR spectra of N2 adsorbed on Na-Y and group IIA 
metal oxides modified samples (in the region 2320 –2360 cm-1) are shown in Figure 
4.37.  The spectrum of Na-Y (a) shows absorption bands with maximum at 2332 and 
2347 cm-1, respectively.  The appearance of weak band at 2332 cm-1 was assigned to 
polarization of N2 molecules adsorbed on Na+ site, while strong band observed at 
2347 cm-1 was assigned to the vibrations of nitrogen bound to aluminum cation 
Lewis site (Malyshev et al., 2005b).  It was noted that the v(NN) is shifted upward 
with respect to the gas phase (blue shift 2 cm-1).  The positive shift of the v(NN) was 
always observed when these molecules are axially perturbed by an electric field 
generated by a sodium or hydrogen site with positive character.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.37: FTIR spectra of N2 dosed on: (a) Na-Y; (b) MgO/NaY; (c) CaO/NaY; 
and (d) BaO/NaY at 298 K and equilibrium pressures fixed at 138 kPa. 
 
 
For metal oxide modified zeolite NaY (spectra b to d), an asymmetrical 
contour with a peak at 2340 - 2360 cm-1 is observed in the region of N-N vibrations.  
This band can be assigned to N-N vibrations in the complexes with Lewis sites 
(Mg2+, Ca2+, Ba2+) of samples.  In general, the N-N stretching mode can be blue or 
red shift up to 30 cm-1 towards higher frequencies (reaching the value of 2360 cm-1) 
that due to σ-donation of electrons from N2 to the surface of acid site.  The stronger 
the adsorption, the larger is the frequency shift.  These spectrums reveal the 
adsorptions of nitrogen on metal oxides (Lewis sites) are differing in nature and 
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strength from the acid sites of zeolites.  Different types of metal oxides even in the 
same Group II A caused different orientation of N≡N interaction with metal species.  
For BaO modified Na-Y sample, the band of 2345 cm-1 become weaken, while the 
shoulder band of 2349 cm-1 increased with two intense satellites at 2338 and 2354 
cm-1 that become clearly visible.  
 
 
It was inferred that the size of metal cations dispersed on the surface give 
great effect to the changes of zeolite structural properties as well as differ the gas 
adsorption characteristics.  The larger shift of the N≡N stretching vibrations for 
modified zeolite samples indicated that dispersed metal oxides increased the strong 
Lewis sites in Na-Y zeolite; further by strengthen the adsorbate-adsorbent interaction 
which plays the main role in the enhancement of nitrogen adsorption capacity and 
selectivity.   
 
 
Apart from that, the band shift relative to the frequency of the N2 Raman 
band (2330 cm-1) can provide the orientation of adsorbed species with respect to the 
zeolite surfaces.  The vNN band appears at higher frequency, when the molecular 
axis of the adsorbed N2 is oriented parallel with the active adsorption site (end-on 
adsorption) and at lower frequency, when the molecule is oriented perpendicular 
(side-on adsorption) or inclined to the direction of the sites (Lónyi et al., 2003).  
Thereinafter, most of the vNN component bands in this study at higher frequency 
after metal oxide modification are attributed to N2 molecules in end-on position on 
the adsorption sites.   
 
 
In order to investigate the effect of equilibrium pressure to the mechanism of 
gas interaction with zeolite surfaces, the adsorption of nitrogen molecules at room 
temperature (298 K) with increasing pressure on HgO modified zeolite Na-Y was 
carried out as shown in Figure 4.38.  The integrated absorbance of the stretching 
bands changed with the pressure, but the band frequencies almost unchanged.  The 
FTIR spectra show, at the lowest pressure 34 kPa, only one symmetric band at 2348 
cm-1 was detected and attributed to linear Hg2+- N2 species.  An increase of the 
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equilibrium pressure resulted in an increase of the intensity and development of a 
new band at 2343 cm-1 which assigned to Hg2+(N2)2 germinal complexes.  At the 
highest pressure (spectra e), the two bands intend to form a nearly symmetric 
envelope, accompanied by broadening and intensity decrement that evident in Figure 
6.39.  The peak area in the 2340 – 2352 cm-1 region decreases as nitrogen adsorption 
achieved the saturation condition (Figure 6.39).   
 
 
  
 
 
 
 
 
 
 
 
 
Figure 6.38: FTIR spectra of N2 adsorbed on HgO/Na-Y at 298 K and equilibrium 
pressure: (a) 34 kPa; (b) 69 kPa; (c) 138 kPa; (d) 207 kPa; and (e) 276 kPa.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.39: Effect of equilibrium pressure on the FTIR absorbance areas (2340 – 
2352 cm-1 region) and gas N2 adsorption characteristics. 
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This result is consistent and well proven by Llewellyn and Maurin (2005) 
regarding on adsorbate-adsorbent interaction discussion.  Accordingly, the 
interaction of an adsorbate molecule for energetically heterogeneous adsorbent such 
as modified zeolite, which their pore size distribution and surface chemistry have 
been varied by metal oxide dispersion, relatively strong interaction between the 
adsorbing molecules and the surface happens initially.  The strength of these 
interactions will then decreases (absorbance areas) as these specific sites are 
occupied or reached saturation capacity. 
 
 
 
 
6.3.4.2 Interaction of CO2 on metal oxide modified Na-Y zeolite 
 
 
Carbon dioxide gas adsorption has been widely studied on zeolite.  CO2 is 
frequently employed to probe the Lewis acid sites of both metal oxides and zeolites, 
as it can interact with cations in low coordination.  It can also monitor the properties 
of the basic surface centers (Coluccia et al., 1999).  As being reported, the 
experiments that performed at room temperature do not allow one to obtain 
significant coverage of hydroxyl groups and Brønsted hydroxyl groups’ interaction 
with the adsorbed molecules (Coluccia et al., 1999).  In addition, no modification 
have been done to substitute the cation Si or Al.  Since the study focuses on the 
effect of Lewis acid sites (metal oxide) on Na-Y adsorption characteristics, the 
interaction with hydroxyl groups (3700 –3000 cm-1) and Brønsted acid group will not 
be discussed. 
 
 
Carbon dioxide is a linear molecule and has four fundamental vibration 
modes: v1 1340 cm-1, v3 2350 cm-1 and two bending modes at 666 cm-1, only v3 and 
one of the v2 bending modes that in the plane position are infrared active (Ingle and 
Crouch, 1988).  Due to the limitation of CaF2 window in the range of 77,000 – 900 
cm-1, the vibration of CO2 molecules will be only detected at 2350 cm-1.  FTIR 
results as presented in Figure 6.40 shows that the bands with the frequencies near 
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2350 cm-1 have been attributed to the v3 vibration of physisorbed CO2, which is 
linearly bound to the cation by ion-induced dipole interaction.  It was noted that the 
FTIR spectra of adsorbed CO2 in metal oxide modified Na-Y is expected to be 
similar in some respects to that observed for Na-Y zeolite.  The observed peaks in 
the spectra CO2 appeared at the same location for the gas phase and adsorbed 
physisorbed phase. 
 
 
Meanwhile, a broad band in the 1800–1500 cm-1 region were obtained during 
the adsorption of CO2 on Na-Y zeolite and metal oxide modified zeolite at room 
temperature.  A band near 1650 cm-1 was found in the unmodified Na-Y zeolite, as 
well as for the MgO, CaO and BaO modified Na-Y adsorbents as shown in Figure 
4.40.  According to Rakić et al. (1999), all the bands found in the 1800 –1200 cm-1 
region were attributed to CO2 entrapped in the structure.  On the other hands, Rege 
and Yang (2001) describe these bands as carbonate compound.  When the 
temperature of activation of the sample is below 773.15 K, a relatively large 
hydroxyl concentration is believed to exist on the surface.  CO2 molecule will react 
with the hydroxyl groups forming bicarbonates on the surface, characterized by 
adsorption bands at 1650 cm-1.  The formation of these carbonate compounds is 
expected to be rather slow adsorption at room temperature. 
 
 
It must be clarified that the so-called carbonate formed in this study were due 
to the reaction within CO2 molecule and hydroxyl groups on the surface but not 
because of the chemisorption process.  At high temperature, it is realized that 
chemical adsorption of CO2 on zeolite would formed a carbonate structures at 1450 – 
1300 cm-1 (Lavalley, 1996).  Due to no significant bands in this spectral region were 
observed in the experiments, the chemisorption of carbonate structures on the cations 
are thus confirmed not occurred.  In fact, the heat of carbon dioxide adsorption (17 – 
25 kJ/mol) calculated from the adsorption equilibrium falls into the region of 
physical adsorption.   
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Figure 6.40: FTIR spectra of CO2 adsorbed on: (a) Na-Y; (b) MgO/NaY; (c) 
CaO/NaY; and (d) BaO/NaY at 298 K and equilibrium pressures fixed at 138 kPa. 
 
 
Moreover, as illustrated in Figure 4.41, it was interesting to found that Ag2O 
and Cu2O modified Na-Y consists of shaper band shape and lower peak area 
compared to CuO/NaY in the region of 1800 –1500 cm-1.  Hence, slightly different 
structural properties of metal oxide as modifiers in the same group would result 
significant deviation in the surface modification on Na-Y as gas adsorbent.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.41: FTIR spectra of CO2 adsorbed on: (a) Na-Y; (b) Ag2O/NaY; (c) 
Cu2O/NaY; and (d) CuO/NaY at 298 K and equilibrium pressures fixed at 138 kPa. 
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Figure 6.42 shows the FTIR spectra of CO2 adsorbed, at room temperature 
and increasing equilibrium pressure, on MgO modified Na-Y zeolite.  The peak 
positions were not shifted by increasing the equilibrium pressure, which is in 
contradict to the adsorption of gas N2.  However, the peak areas corresponding to the 
amount of gas adsorbed slightly increased from 350 to 361 arbitrary units for the 
adsorption equilibrium pressure at 34 kPa to 138 kPa with decreasing intensity.  This 
has been due to increasing dipole-dipole interaction at higher coverage (Scarano et 
al., 2001).  Hence, the different arrangements of adsorbed CO2 on adsorption sites 
were resulting the lateral interaction effects of different magnitude related to the 
adsorbent surface coverage. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.42: FTIR spectra of CO2 adsorbed on MgO modified Na-Y zeolite at 298 K 
and pressure: (a) 34 kPa; (b) 69 kPa; (c) 138 kPa; (d) 207 kPa and (e) 276 kPa.      
 
 
Generally, the main difference of CO2 absorption bands for different types of 
metal oxides modified Na-Y is the peak areas corresponding to the physically 
adsorbed species.  As mentioned earlier, the areas of the FTIR absorption peaks are 
proportional to molar adsorbed amounts.  The amount of gas adsorbed for these 
adsorbate–adsorbent systems were measured using gravimetric experimental 
technique.  Only a few of the sample curves will be shown as revealed in Figure 
6.43.  Results show the adsorbed amount of CO2 on Na-Y zeolite and some metal 
oxide modified Na-Y samples versus the area of the absorbance peak from 2450–
2250 cm-1 region.  It can be seen that the curves were of fairly linear in nature.   
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Figure 6.43: The corresponding areas of the FTIR spectrum peak at (2450 – 2250  
cm-1 region) versus the amount of CO2 adsorbed on samples. 
 
 
 
 
6.3.4.3 Interaction of CH4 on metal oxide modified Na-Y zeolite 
 
 
Gas methane has four fundamental vibrations in the gaseous phase: v3 (3020 
cm-1) and v4 (1306 cm-1) are infrared active, while v1 (2914 cm-1) and v2 (1526 cm-1) 
are infrared inactive.  The gas phase spectrum exhibits the characteristic shape of a 
rotation-vibration spectrum in the adsorbed samples.  The gas phase methane as 
adsorbed species on zeolite surfaces was found at 3017 ± 1 cm-1 (Seidel et al., 2000).   
 
 
The FTIR spectra of the adsorbed methane on Na-Y and Group IIA metal 
oxide modified Na-Y at 298.15 K are shown in Figure 6.44 (a).  A sharp band around 
3015 cm-1 and a broad band around 1303 cm-1 were assigned to v3 and v4 vibrations 
of adsorbed methane, respectively.  The band at 1303 cm-1 is assigned to the n 
bending mode, which has a free molecule value of 1306 cm-1.  It is suggested that 
methane is molecularly adsorbed, forming H3CH-Me (Me = metal cation) adducts 
with coordinatively unsaturated metal cations on adsorbent surface.  The vibration of 
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molecular adsorbed methane of MgO/NaY, CaO/NaY and BaO/NaY looked very 
similar to each other as observed in the spectra.  The frequency of adsorbed modified 
samples with unload Na-Y seem do not cause any significant changes.  However, for 
V2O5 modified Na-Y sample (Figure 6.45), the low interaction of CH4 on modified 
adsorbent surfaces resulted in the decrease of the absorbance intensity as well as the 
corresponding peak areas (3035 – 2995 cm-1).  This adsorption mechanism brings to 
the low adsorption capacity of V2O5/Na-Y in the equlibrium adsorption process. 
 
 
 
 
 
 
 
  
 
 
 
 
Figure 6.44: FTIR spectra of CH4 adsorbed on: (a) Na-Y; (b) MgO/NaY; (c) 
CaO/NaY; and (d) BaO/NaY at 298 K and equilibrium pressures fixed at 138 kPa. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.45: FTIR spectra of CH4 adsorbed on: (a) Na-Y and (b) V2O5/NaY at 298 
K and equilibrium pressures fixed at 138 kPa. 
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The salient point in the results obtained are the disappearance of v1 vibration 
band, inherently FTIR inactive for gaseous methane.  As reported in many literatures 
for CH4 adsorption in low temperature and low-pressure conditions, there would be a 
significantly shifting of spectrum vibration down to a lower frequency as effects of 
the electric field caused by metal cations on the surfaces (Siedel et al., 2000; Yoshida 
et al., 2000; Scarano et al., 2001).  Therefore, frequency that remain the same before 
and after the modifications suggested the absent of electric field on the adsorption 
sites of adsorbents studied.  This is impossible as metal oxide dispersion on Na-Y in 
the previous discussions show significant effect to the gases adsorption capacity as 
well as adsorption kinetics.   
 
 
It was very surprising to notice that at room temperature and 39.9 kPa, 
methane will diffuses into the smaller pores of zeolite system as reported by 
Yamazaki et al. (2000).  The above procedures were conducted to compare the 
adsorption mechanism of CH4 into the larger pores and smaller pores of zeolite 
system.  The v3 band (around 3013 cm-1) of methane adsorbed in the smaller pore 
will always sharper than that on the larger pore surfaces (2914 cm-1).  Apart from 
that, the results from Yamazaki et al. (2000) confirmed that an electric field does not 
exist on the surface of the smaller pores, and the adsorption at these sites are mainly 
caused by the dispersion force of the pore wall.  This is in aggreement with previous 
discussion that metal oxide would disperse on the larger pores of Na-Y supercages.   
 
 
It is not suprising that, the kinetic diameter of CO2, N2 and CH4 are larger 
than the smaller pore of Na-Y zeolite (0.26 nm).  Adsorbate molecules are too large 
to pentrate into small cages windows.  However, from the literature, the participation 
of the sodalite cage protons and OH-group of zeolite Y in the N2 adsorption process 
occured at temperature above 298 K (Lónyi et al., 2003).  Obviously, the interaction 
of adsorbate with adsorbents is depends both by the strength of the adsorptive site 
and also on the temperature of adsorption.  Therefore, the interaction between 
adsorbates and zeolite surfaces was found to be favored by the presence of structural 
defects. Adsorption process at higher temperature (298.15 K) produced higher proton 
mobility, kinetic energy of adsorbate molecules and flexibility of zeolite framework 
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(Lónyi et al., 2003).  This finding is highly supporting the results observed in this 
study, making the mechanisms of adsorbate-adsorbent interaction completely 
elucidated.  In spite of that, the observed methane spectrum in which the adsorption 
process carried out at 138 kPa equilibrium pressure and room temperature (298.15 K) 
are in supercritical adsorption condition. The adsorption mechanisms formed a 
monolayer coverage as physically adsorbed molecules on the adsorbent surfaces at 
above methane critical temperature (190.6 K). Therefore, the result shows the nearly 
similarity of adsorbed methane molecules spectrum with the free gas phase spectrum 
at wavelength 3015 cm-1. 
 
 
The results imply that methane adsorbed in the supercages of Na-Y zeolite as 
well as in the smaller pores as physically adsorbed molecules.  Both active 
adsorption sites contribute to the high methane adsorption capacity.  In addition, 
from the shape of the v3 band observed, the rotational wings of P and R  branches of 
the main FTIR peak grow show rotational freedoms of an adsorbed methane 
molecule on the active adsorption sites is adequately remain.  It is therefore 
suggested that the methane molecule in the pores underwent a symmetrical field 
from the pore wall.   
 
 
Moreover, the effect of equilibrium pressure to the mechanism of CH4 
interaction with HgO modified zeolite surfaces were studied at room temperature 
(298.15 K) with increasing pressure as shown in Figure 6.46.  The integrated 
absorbance areas of the stretching bands and broadening effects were tentatively 
changed with the pressure, but the band frequencies almost unchanged.  It was 
realized that most of the difference of wavenumbers shifting would be clearly 
observed with the variation of adsorption temperature.  The absorbance areas are 
subsequently increased with the increase of adsorption equilibrium pressure both in 
the region of (2990 – 3030 cm-1) and (1315 – 1290 cm-1) as shown in Figure 6.47. 
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Figure 6.46: FTIR spectra of CH4 adsorbed on HgO modified zeolite Na-Y at 298 K 
and equilibrium pressure: (a) 34 kPa; (b) 69 kPa; (c) 138 kPa; (d) 207 kPa; and (e) 
276 kPa.      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.47: The corresponding areas of the FTIR spectrum peak at (3030 - 2990 
cm-1) and (1315 - 1290 cm-1) regions versus adsorption equilibrium pressures. 
 
 
0.5 A 0.4 A 
  
340 
The observed v3 band and v4 areas were roughly proportional to the amount of 
methane adsorption obtained separately by a gravimetric measurement as well.  The 
larger interaction of CH4 on some metal oxides modified Na-Y adsorbents is surely 
attributable to the micropore size changes and surface polarity being enhanced by 
metal oxide dispersion.  Apart from that, the availability of active adsorption sites, 
the pressure and temperature of adsorption are key factors that determined the 
mechanisms of gases adsorption on the metal oxide modified Na-Y adsorbents. 
 
 
 
 
6.4 Summary 
 
 
The spontaneous dispersion of metal oxides on Na-Y zeolite adsorbents has 
been extensively studied for several parametric effects.  The adsorption process of 
zeolites is governed by the pore size and surface properties as well as the strength of 
adsorbate-adsorbent interactions.  The introduction of Group II A metal oxides with 
high basicity properties on Na-Y greatly improve the CO2 adsorption performance.  
Meanwhile, Group II B metal oxides show the great potential as N2 and CH4 
adsorbents.  In adsorption kinetics, the transport of gas molecules into the modified 
micropore system is obeying the Fick’s second diffusion law.  The kinetics diameter 
of adsorbates and their adsorption behaviors on metal oxide modified zeolite play a 
very important role in determining their adsorption capacity.  In addition, the 
isosteric heat of adsorption and gas-zeolite interaction results also reveals that CO2, 
N2 and CH4 interact strongly with metal oxides modified Na-Y zeolite. 
 
 
 
 
 
 
  
  
 
 
CHAPTER 7 
 
 
 
 
AMINE-MODIFIED POROUS SILICA AS CO2 ADSORBENTS 
 
 
 
 
7.1 Introduction 
 
 
 Adsorption is one of the promising methods that is applicable for separating 
CO2 from gas mixtures, and numerous studies have been conducted on separation of 
CO2 by adsorption using porous materials in the last two decades (Pohorecki and 
Mozenski, 1998; Baciocchi et al., 2006; Harlick and Tezel, 2004; Song, 2006; Yong 
et al., 2002). Various adsorbents consist of porous materials, such as MCM-41, 
activated carbons, zeolites, pillared clays and metal oxides have been investigated 
(Liu et al., 2007; Sun et al., 2007; Knofel et al., 2007; Siriwardane et al., 2001; Liu et 
al., 2001; Yang and Liu, 2006; Freitas and Figueiredo, 2001; Matot-Valer et al., 
2005; Valente Nabais et al., 2006). Amine functional groups are useful for CO2 
removal because of their ability to form ammonium carbamates and carbonates 
reversibly at moderate temperature. The incorporation of organic amines into a 
porous support is another promising approach for CO2 adsorption combining good 
capacity and selectivity at moderate temperature. Modifications of porous materials 
using amines will greatly influence the physicochemical properties of the porous 
materials and directly affects gases adsorption characteristics of the modified 
adsorbents.  The understanding of structural characteristics and properties before and 
after the modification, as well as the function of various amines incorporated on the 
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adsorbents play a vital part in CO2 adsorption performance. In this regard, this 
chapter will discuss the characterization of amine modified adsorbents in conjunction 
to their CO2 adsorption properties. In order to further understand the adsorbate-
adsorbent interaction between CO2 and modified adsorbents, gas-solid interaction 
using FTIR spectroscopy has also been included in the discussions.    
 
 
 
 
7.2 Structural Characteristics and Properties  
 
 
7.2.1 Effects of Various Amines   
 
 
Powder X-Ray Diffraction has been used to characterize the structure of the 
materials used in this study. The X-Ray Diffraction (XRD) patterns of synthesized 
MCM-41 and amine modified MCM-41 are shown in Figures 7.1 and 7.2. As can be 
seen, XRD pattern exhibit one intense diffraction peak (100) at about 2˚ and three 
minor peaks indexed as 110, 200 and 210 in the region of 4˚ - 6˚, which are typical of 
MCM-41 mesoporous phase. From Figure 7.1, 4 peaks were observed, one main 
peak at 2θ= 2.176˚ corresponding to the 100 plane of MCM-41 which give a value of 
d100 of 4.05nm and 3 smaller peaks at 2θ= 3.747˚, 4.324˚ and 5.708˚ which 
correspond to the 110, 200 and 210 planes of MCM-41 respectively. The presence of 
these smaller peaks confirms that long range order was present in the samples (Xu et 
al., 2002; Zhao et al., 2000; Xu et al., 2003; Kumar et al., 2001).  
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Figure 7.1: XRD pattern of as-synthesized MCM-41. 
 
 
 
 
Figure 7.2: XRD patterns of grafted amine-MCM-41. (PEI= polyethylenimine, 
MDEA= methyl diethanolamine, TEA= triethanolamine, DEA= diethanolamine, 
MEA= monoethanolamine) 
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XRD patterns of MCM-41 before and after loading of various types of 
amines are compared in Figure 7.2. The diffraction patterns of MCM-41 did not 
change much after different amines were loaded. However, the intensity of the 
diffraction patterns of MCM-41 changed. Through this study, the diffraction 
intensity of MCM-41 decreased substantially after modification using different 
amines. The decreased intensity was caused by pore filling effect and indicated that 
amine was loaded into the pores of MCM-41.  
 
 
Furthermore, the degrees of Bragg diffraction angles were nearly identical 
indicating that the structure of MCM-41 was preserved after loading of various 
amines. The degree of Bragg diffraction angle of the (100) plane slightly increased 
from 2.176˚ for MCM-41 to 2.185˚ - 2.212˚ for various amines modified MCM-41. 
These changes were caused by pore filling effect of MCM-41 channels and amines 
coating on the outer surface of MCM-41 crystals (Xu et al., 2002; Xu et al., 2005).  
 
 
From Figure 7.2, the diffraction intensity of 20 wt% MEA MCM-41 is 
especially low compare to others. There can be two possibilities that caused the 
lower intensity which are the effect of pore filling and the coating of outer surface of 
MCM-41 crystals. Xu et al. (2002) reported that amine coated on the outer surface of 
MCM-41 crystals hardly influenced the diffraction intensity of MCM-41 support. 
Therefore, the low diffraction intensity of 20 wt% MEA MCM-41 is mainly caused 
by pore filling effect. Moreover, the size of MEA molecule is smaller than other 
amines molecule which further verifies that it is easier for MEA molecules to fill the 
pores of MCM-41 compare to other amines and resulted in lower diffraction 
intensity. This result will significantly affects carbon dioxide adsorption performance 
of 20 wt% MEA MCM-41 sample which will be discussed later in the report.  
 
 
The nitrogen adsorption isotherms of MCM-41 and 20 wt% MEA MCM-41 
are shown in Figure 7.3, which further confirm the MEA was loaded into the pore 
channels of the MCM-41 support. Completely degassed MCM-41 shows type IV 
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isotherm (Figure 7.3). The surface area, pore volume and average pore diameter were 
1035 m2/g, 0.93 cm3/g and 2.73 nm respectively. After loading of 20 wt% MEA, the 
mesoporous pores were partially filled with MEA, resulting in a type II isotherm 
(Figure 4.3), further restricting the access of nitrogen into the pores at liquid nitrogen 
temperature. The residual pore volume of 20 wt% MEA MCM-41 is only 0.21 cm3/g, 
the surface area is estimated to be 49.98 m2/g and the average pore diameter was 
smaller than 1.69 nm. These results correlate with the pore filling effect of MEA as 
well as other amines which was also reflected by XRD characterization (Burleigh et 
al., 2001; Murcia et al., 2003; Xu et al., 2002; Zhao et al., 2000).  
 
 
0
100
200
300
400
500
600
700
800
900
0.0 0.2 0.4 0.6 0.8
P/P0
V
o
lu
m
e
 a
d
s
o
rb
e
d
 (
m
L
/g
 S
T
P
)
0
50
100
150
200
250
300
350
400
450
500
V
o
lu
m
e
 a
d
s
o
rb
e
d
 (
m
L
/g
 S
T
P
)
 Figure 7.3: Nitrogen adsorption isotherm of MCM-41 and 20 wt% MEA MCM-41.  
 
 
 In the physical properties characterization, the surface area and pore structure 
of MCM-41 before and after modification by amines were characterized using N2 
adsorption at 77 K.  The nitrogen adsorption isotherms over the whole relative 
pressure range for MCM-41 and 20 wt% MEA MCM-41 are shown in Figure 7.3.  
Generally, the adsorption isotherm before amine modification are of type IV in the 
Brunauer, Deming, Deming and Teller (BDDT) classification indicating that they are 
mesoporous solids. The abrupt increase of N2 adsorption at relative pressure (P/P0 ~ 
MCM-41 
20wt% MEA MCM-41 
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0.3) occurs because N2 molecules are able to penetrate freely into the pores of MCM-
41 without steric factor which capillary condensation and multilayer adsorption 
starting to occurs. As for 20 wt% MEA MCM-41, the low adsorption was due to 
primary micropore filling effect since the amine modified MCM-41 had reduced pore 
diameter (1.69 nm) which fall into the region of micropore (< 2 nm). However, since 
the fluid-solid interaction of nitrogen and 20 wt% MEA MCM-41 is strong, the 
adsorption isotherm tends to be type II rather than type I of microporous (Xu et al., 
2002; Xu et al., 2003).  
 
 
Figure 7.4 presents the FTIR spectra for the as-synthesized MCM-41. The 
pure silica shows bands at around 3400, 1640, 1100, 962, 800 and 464 cm-1 region. 
The peak at 3447 cm-1 represents stretching vibrations of adsorbed water or structural 
–OH groups. Another peak at 1637 cm-1 is assigned to OH bending vibrations of the 
adsorbed water molecules. Typical antisymmetric and symmetric Si-O-Si stretching 
vibrations are centered at 1087 and 798 cm-1, respectively. The band at 968 cm-1 
corresponds to Si-OH vibrations of the surface silanols, which is characteristic of 
mesoporous silica (Cheng et al., 2006a; Luan et al., 2005; Rege and Yang, 2001) 
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Figure 7.4: FTIR spectra of MCM-41. 
 
 
The amine modified MCM-41 differs from the pure MCM-41 in several 
ways. Beside the peaks characteristic of MCM-41, amines molecules vibrations also 
reflect on the trace as shown in Figure 7.5. The intensity of the peak at 3440 cm-1 
region is smaller than that of MCM-41 due to the formation of amine in the channels. 
The weak absorption band at 1550 cm-1 region is associated with C-C stretching 
vibrations, the peak at 1455 cm-1 region represents C-N stretching vibrations, while 
the absorption bands at 785 and 672 cm-1 correspond to C-H outerbending vibrations. 
All these adsorption bands are clearly visible as shown in Figure 4.5 with slightly 
shifted adsorption band for different type of amines. Absorption bands at 3430, 3280 
and 1592 cm-1 region are assigned to asymmetric NH2 stretch (νas NH2), symmetric 
NH2 stretch (νs NH2) and NH2 deformation (δNH2) of hydrogen bonded amino 
group, respectively (Cheng et al., 2006a; Zhao et al., 1996; Wakabayashi et al., 
1997; Hiyoshi et al., 2005). Besides these, absorption bands due to (Si-)OH stretch is 
visible at 3400 cm-1 region, overtone of Si-O-Si lattice weak vibration at 1980 and 
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1850 cm-1 region, CH2 stretch at 2850 and 2930 cm-1 region and CH2 deformation at 
1460 cm-1 region were also observed in the spectrum which overlaps with C-N 
stretching vibrations. In addition, the peak at 1090 cm-1 region is assigned to the in-
plane deformation vibrations of N+H2 formed on the amine chains by protonation, 
which is overlapped by the peak of the antisymmetric Si-O-Si stretching vibrations 
of MCM-41 (Zheng et al., 2005; Cheng et al., 2006a; Hiyoshi et al., 2005). As for 
secondary amine (DEA), the absorption peak of NH stretch (ν NH) would overlap 
with symmetric NH2 stretch (νs NH2) at around 3300 cm-1. Meanwhile, as for tertiary 
amine (TEA) the peak at 1456 cm-1 will be the dominant absorption band represents 
C-N stretching vibrations as can be seen in Figure 4.5 for the spectrum of 20 wt% 
TEA MCM-41. 
 
 
 
Figure 7.5: FTIR spectra of amines modified MCM-41. 
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Thus, the FTIR spectra of amine modified MCM-41 confirm the 
incorporation of amine inside the pore channels of MCM-41. Small shifts between 
the absorption peaks of amine molecules in the nanocomposite and bulk amine 
suggest that chain growth of amine in the mesopores is limited by diffusional 
restriction (Cheng et al., 2006a; Cheng et al., 2006b; Luan and Fournier, 2005).  
 
 
 
 
7.2.2 Effects of metal loading  
 
 
 XRD patterns of different metals loading on MCM-41 are shown in Figure 
4.6. There is no obvious decrease in peak intensity observed which indicates that 
ordered hexagonal mesoporous structure is well developed for each metal modified 
MCM-41. Furthermore, the presence of 3 smaller peaks (d110, d200 and d210 peaks) 
confirms that long range order was present in the samples.  
 
 
 
Figure 7.6: XRD patterns of different metals loading on MCM-41. (Cu= copper, Ni= 
nickel, Co= cobalt)  
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The calcination process in the direct synthesis of metal modified MCM-41 
method used high temperature at 550˚C. This may results in oxidation of metal 
nitrate which is used in the synthesis to form bulk metal oxide (CuNO3 → CuO, 
NiNO3 → NiO and CoNO3 → Co3O4). Moreover, the high calcination temperature 
may also transport some of metal oxide species out of the pore system and remove 
some of their deposition at the external surface of MCM-41, to form larger size 
crystallites. When all the useable vacant sites are occupied, a close-packed capping 
O2- layer is formed and transformed them into the most stable form of oxide (Evans 
et al., 2000; Xu et al., 2003).  
 
 
The factors such as the pore size of MCM-41, the dynamic diameter of the 
metal oxides (particle size) and their physicochemical properties highly influence the 
incorporation of metal on MCM-41 either into the pore channel or onto the external 
surface of MCM-41. The particle size of metal oxides and their bond length between 
metal cation and oxygen molecule are listed in Table 7.1.  It is reasonable that the 
incorporation of metal oxides into MCM-41 only occurs under the condition, when 
the dynamic diameter of metal oxides is smaller or similar to the pore size of MCM-
41. 
 
 
Table 7.1: Physical properties of metal oxides (Náray-Szabo, 1969). 
Samples 
Particle Size 
(nm) 
Bond Length 
(Å) 
CuO 25.51 1.84 
Co3O4 99.13 2.10 
NiO 69.91 2.03 
 
 
Figure 7.7 shows the XRD patterns of MEA grafted on metals modified 
MCM-41. The decrease of the corresponding first peak (d100 peak) intensity 
(especially for MEA CuMCM-41 and MEA CoMCM-41) and the lack of the fourth 
peak (d210 peak) compared to parent MCM-41, reflects a less ordered hexagonal 
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mesoporous structure for the amine grafted metal modified MCM-41. However, the 
metal modified MCM-41, after calcination, maintained its typical hexagonal 
structure, with no obvious decrease in peak intensity is observed as shown in Figure 
7.6. This indicates that the decrease in the peak intensity is mainly related to the 
introduction of amine species instead of the thermal instability of the support (Xu et 
al., 2002; Evans et al., 2000; Xu et al., 2003). Thus, it is confirm that the decreased 
intensity was caused by the amine coating on the outer surface of metal modified 
MCM-41 crystals as well as pore filling effect which further indicates that amine was 
loaded into the pores of metal modified MCM-41.  
 
 
 
Figure 7.7: XRD patterns of MEA grafted on metals modified MCM-41.  
 
 
 
 
7.2.3 Effects of amine on microporous materials  
 
 
Powder X-Ray Diffraction has also been used to characterize the crystallinity 
and structure of microporous materials used in this study which are NaY and 13X. 
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The flat baselines of the X-ray diffraction pattern as shown in Figures 7.8 and 7.9 
indicated a good crystallinity of all the samples. It was observed that the peak 
intensities of the XRD reflections for MEA modified NaY and 13X decreased as 
compared to unmodified commercial NaY and 13X. This is due to the presence of 
MEA particles within the framework of the zeolite NaY and 13X.  
 
 
The crystallinity of samples, which were denoted as relative intensity (Irel) is 
determined by comparing the sum of the six reflection peaks (ASTM D3906) namely 
{331}, {511}, {440}, {533}, {642} and {555} of the modified samples with those of 
the NaY and 13X zeolite taken as reference (100% crystalline at ambient 
temperature) respectively. The relative crystallinity was calculated to determine the 
effects of MEA modification procedure employed on phase crystallinity of the parent 
zeolite. The crystalline phase of MEA modified samples decreased moderately for 
MEA NaY sample while MEA 13X crystalline phase decrease further more as 
calculated in Table 4.2 but the support has remained unchanged. The relative 
intensity for MEA NaY sample is 78.74 which is about 10% higher than MEA 13X 
sample at 68.93. The higher relative intensity for MEA NaY indicated that the 
sample has better crystalline phase than MEA 13X. These results give further 
explanation for the introduction of MEA into zeolites framework and the phase 
crystallinity itself proves no significant alteration of the zeolites framework even 
after MEA modification procedure.  
 
 
Table 7.2: Structural characterization of metal oxide modified Na-Y zeolites. 
Samples Relative Intensity (Irel) 
NaY 100.00 
MEA NaY 78.74 
13X 100.00 
MEA 13X 68.93 
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Figure 7.8: XRD patterns of zeolite NaY and MEA modified NaY.  
 
 
 
 
Figure 7.9: XRD patterns of zeolite 13X and MEA modified 13X.  
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7.2.4 Effects of amine concentration  
 
 
 MEA/MCM-41 samples with different MEA loadings were prepared and 
characterized by XRD and TGA. From XRD results, comparing the diffraction 
patterns of MCM-41 with those of MEA MCM-41 modified samples with different 
MEA loadings, shows that the degree of Bragg diffraction angles were nearly 
identical, indicating that the structure of MCM-41 was preserved after loading of 
MEA. However, the intensity of the diffraction patterns of MCM-41 decreased 
significantly after the MEA was loaded as shown in Figure 7.10.  
 
 
 By using MEA to modified the parent MCM-41, it is expected that the 
diffraction intensity of the (100) plane of MCM-41 will decreased because of pore 
filling effect since amine was loaded into the pores of MCM-41. However, when the 
concentration of MEA is increased it seems that the diffraction intensity of the (100) 
plane of MCM-41 is decreased as well until certain limit that further concentration 
increment would not affect the diffraction intensity anymore.  
 
 
 Figure 7.10 shows the diffraction intensity of (100) plane MEA MCM-41 
samples with different MEA loadings (0 wt%, 10 wt%, 20 wt%, 50 wt% and 75wt 
%). By increasing the MEA concentrations, the intensity of the diffraction peaks will 
decrease as well. The intensity of the diffraction peak of 50 wt% MEA MCM-41 and 
75 wt% MEA MCM-41 was reduced to about 10.8% of the original intensity of 
MCM-41 support.  
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Figure 7.10: The effect of MEA loadings on the diffraction intensity of the (100) 
plane of MCM-41.  
 
 
 Since the pore volume of MCM-41 support is 0.93 cm3/g and the density of 
MEA is about 1.0 g/cm3, the maximum MEA loading in the pores of MCM-41 is 
46.5 wt%. The rest of the MEA should be coated on the outer surface of MCM-41 
crystals. As for 75 wt% MEA/MCM-41, there should be more MEA coated on the 
outer surface of MCM-41 support compare to 50 wt% MEA/MCM-41 since the 
MEA concentration used is 50% more. However, the diffraction intensity of the 
(100) plane for 50 wt% MEA/MCM-41 and 75 wt% MEA/MCM-41 was nearly the 
same. The result indicated that the MEA coating on the outer surface of the crystals 
hardly influenced the diffraction intensity of the MCM-41 support. Therefore, the 
decrease in the diffraction intensity of the (100) plane can be ascribed mainly to the 
loading of MEA into the MCM-41’s pore channels (Xu et al., 2003; Xu et al., 2002).  
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7.3 Carbon Dioxide Adsorption Characteristics  
 
 
Gas CO2 adsorption capacity of amine modified mesoporous and 
microporous materials were studied and presented in the following section. Based 
upon the results obtained from the equilibrium adsorption capacity, the effects of 
amine modification on the CO2 adsorption could be evaluated and characterized. The 
procedures for evaluation of gas CO2 adsorption capacity by amine modified 
mesoporous and microporous materials were investigated in single adsorbate 
adsorption atmosphere at equilibrium pressure of 138 kPa and adsorption 
temperatures at 50˚C as standard. Adsorbate uptake capacity was measured until 
equilibrium reached.   
 
 
 
 
7.3.1 Effects of various amines    
 
 
 Before  amine was loaded, MCM-41 support alone shows CO2 adsorption 
capacity of 18.58 mg/g sorbent. The low adsorption capacity was due to weak 
interaction between CO2 and MCM-41 at relatively high temperature. In order to 
strengthen the interaction between CO2 and MCM-41, different types of amines with 
numerous CO2-capturing sites were loaded into MCM-41 pore channels.  
 
 
  CO2 adsorption capacity increased considerably after modification of MCM-
41 using different types of alkanoamines. Delaney et al. reported that the ratio of 
CO2 molecular per available N atom in the presence of hydroxyl group is 
approximately twice that without hydroxyl group. It is suggested that the CO2 
chemical adsorption mechanism of amine changed in the presence of hydroxyl 
group. Without the hydroxyl group, the formation of carbamate is favored in the 
manner of following Equation (7.1)-(7.3): 
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!+
+"+ NCOORNHRNHCO
2422
2     7.1 
 
 !+ +"+ NCOORNHRNHRCO
22222
2     7.2 
 
 !+ +"+ NCOORNRNRCO
2432
2       7.3 
 
 
 With the absence of hydroxyl group, 2 moles of amine groups are required to 
react with 1 mole of CO2 molecule. However, when hydroxyl groups are present, the 
reaction is two times as much leading to the formation of another type of carbamate. 
The formation of carbamate type zwitterions is stabilized in a manner depicted in 
Equation 7.4. In the presence of hydroxyl groups, 1 mole of amine groups react with 
1 mole of CO2 molecule. Therefore, the adsorption capacity of alkanoamine modified 
MCM-41 increased since the hydroxyl groups of the amines able to promote the 
formation of carbamate type zwitterions and more CO2 molecules can be adsorbed 
(Xu et al., 2002; Zhang et al., 2005; Xu et al., 2003; Evans et al., 2000).  
 
  
 
 
 N••     +  2CO  !     
+
N         7.4 
 
           HO      O     HO  
                       HO      !O    HO  
  
 
 
 Figure 7.11 shows gas CO2 adsorption capacity for MCM-41 support and 
amine modified MCM-41. MEA modified MCM-41 indicated the highest CO2 
adsorption capacity at 40.91 mg/g sorbent which is 2.2 times higher than MCM-41 
support itself. As for tertiary amine modified MCM-41 such as TEA MCM-41 and 
MDEA MCM-41, the CO2 adsorption capacity is rather low at 12.04 and 17.26 mg/g 
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sorbent respectively which is lower than MCM-41 support. Meanwhile, DEA 
modified MCM-41 also shows high adsorption capacity at 38.18 mg/g sorbent. 
Although PEI is considered as tertiary amine, the adsorption capacity is quite high at 
27.55 mg/g sorbent. This is due to the long chain of numerous alkyl chains within 
PEI structure (Xu et al., 2002; Zhang et al., 2005; Xu et al., 2003).  
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Figure 7.11: Gas CO2 adsorption capacity for MCM-41 support and amine modified 
MCM-41.  
 
 
 There are two possible reasons for synergetic effect of MCM-41, one is the 
high surface area of MCM-41 and another is the uniform mesoporous channel of 
MCM-41. When amine was loaded onto the materials with high surface area, there 
will be more CO2 affinity sites exposed to the adsorbate and thus increasing the 
adsorption capacity. When the channels of MCM-41 are filled with amine, the 
apparent pore size of the parent MCM-41 will be decreased as discuss before. 
However, at the same time more CO2 affinity sites are introduced into the pore 
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channel of MCM-41. Both these contradicting effects happen simultaneously and 
directly affected the adsorption capacity.  
 
 
 The amount of CO2 adsorbed increases with increasing of the straight alkyl 
chain in the amines. PEI is one example of this case which consists of numerous long 
alkyl chains which explain the higher CO2 adsorption capacity compare to the parent 
MCM-41. However, amines with larger molecular size will results in lower 
adsorption due to steric hindrance which explain the low adsorption capacity of TEA 
MCM-41 and MDEA MCM-41 as both are tertiary amine with large molecular size. 
Furthermore, this also explains why the adsorption capacity of PEI MCM-41 did not 
exceed the adsorption capacity of MEA MCM-41 since PEI consists of longer alkyl 
chains but with larger molecular size.  
 
 
 TGA curves of CO2 adsorption capacity for MCM-41 support and amine 
modified MCM-41 are presented in Figure 7.12. The adsorption of CO2 gas by 
MCM-41 and amine modified MCM-41 adsorbents have rapid uptake in the early 
period, but slows down at latter periods of the adsorption process. As illustrated in 
Figure 7.12, CO2 gas adsorbed rapidly to around 70% - 85% of total CO2 uptake in 
the first 50 minutes. This is true for MCM-41 support and all amine modified MCM-
41 except for TEA MCM-41 and MDEA MCM-41. The larger molecular size of 
TEA and MDEA had resulted not only in lower adsorption capacity but also slower 
adsorption rate due to steric hindrance. TEA and MDEA modified MCM-41 
achieved the same amount of adsorbate (80% of total CO2 uptake) in more than 100 
minutes time. Meanwhile, DEA modified MCM-41 CO2 gas uptake seem to be the 
slowest. For the initial 50 minutes of adsorption, only 53% of total CO2 uptake was 
obtained. Furthermore, the DEA MCM-41 sample require a staggering more than 
900 minutes of adsorption time to reach equilibrium compare to 250 minutes for 
MCM-41 sample.  
 
 360 
0
5
10
15
20
25
30
35
40
45
0 200 400 600 800 1000
Time (min)
G
a
s
 C
O
2
 a
d
s
o
rp
ti
o
n
 c
a
p
a
c
it
y
 (
m
g
/g
 s
o
rb
e
n
t)
 
Figure 7.12: TGA curves of CO2 adsorption capacity for MCM-41 support and 
amine modified MCM-41.  
 
 
Different types of amine exhibited different equilibrium adsorption time 
requirement as well as adsorption capacity. The adsorption time that required for 
CO2 adsorbate to reach equilibrium was shown in Table 7.3. Generally DEA MCM-
41 sample would take longer time to reach equilibrium compared to other samples. 
The fastest to reach equilibrium adsorption time would be the parent MCM-41 itself 
with just 250 minutes. However, the adsorption characteristic results shows that even 
though the CO2 adsorption process for several types of samples studied reached the 
saturation condition faster than others, does not mean that the adsorption capacity is 
higher as well. Lets observed MEA MCM-41 sample as an example. The equilibrium 
adsorption time requirement for MEA MCM-41 is 500 minutes which is less than the 
equilibrium adsorption time requirement for DEA MCM-41 (975 minutes). However, 
the adsorption capacity of MEA MCM-41 is 40.91 mg/g sorbent which is higher than 
that of DEA MCM-41(38.18 mg/g sorbent). These results clearly proved that the 
adsorption processes that reach equilibrium state faster would not necessary result in 
MCM-41 
MDEA MCM-41 
TEA MCM-41 
PEI MCM-41 
DEA MCM-41 
MEA MCM-41 
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higher adsorption capacities.  It depends on the structure and physical properties of 
adsorbate and adsorbent as well as the extent of interaction of adsorbate with 
adsorbent surfaces 
 
 
Table 7.3: Equilibrium adsorption time requirement for different amines modified 
MCM-41. 
Samples CO2 adsorption time required (min) 
MCM-41 250 
MEA MCM-41 500 
DEA MCM-41 975 
TEA MCM-41 505 
MDEA MCM-41 585 
PEI MCM-41 485 
 
 
 
 
 
7.3.2 Effects of support materials  
 
 
 In order to investigate the effects of different support materials towards the 
CO2 adsorption characteristics, mesoporous and microporous supports will be 
utilized in the study as well as amine and metal nitrates as the modify agents. 
Mesoporous supports synthesized in the study are MCM-41 and SBA-15, meanwhile 
microporous supports of NaY and 13X are obtained commercially. Three Metal 
nitrates have been chosen which are copper nitrate, cobalt nitrate and nickel nitrate 
were incorporated into MCM-41 support during direct synthesis. Then, MEA will be 
use as the standard modify agent for each of the supports. The CO2 adsorption 
characterization of the adsorbents produced is done by thermal gravimetric analyzer 
at standard condition of 138 kPa CO2 gas pressure and 50˚C of adsorption 
temperature.  
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 At low loadings, materials with the strongest enthalpic interactions with 
sorbed molecules will show the highest level of adsorption. These tend to be 
materials with narrow pores, because small pores increase the interaction between 
gas and the framework. However, materials with narrow pores also have the highest 
framework densities and thus the lowest amount of free void space per gram of 
material. Therefore, at the highest pressure when the pores are nearly filled, the 
materials with the largest free volumes have more room for quest molecules and 
consequently show the highest uptake (Frost et al., 2006).  
 
 
 Three different adsorption regimes can be identified. At low pressure, the 
amount adsorbed correlates with the heat of adsorption. At intermediate pressure, the 
amount adsorbed correlates with the surface area. And at the highest pressure, the 
amount adsorbed correlates with the free volume. According to Frost et al. (2006) 
hydrogen molecules adsorbed less for zeolite Y than for zeolite X. As zeolite Y has 
fewer exchangeable cations (and consequently more void space) than zeolite X, these 
results indicate that interaction of hydrogen molecules with exchangeable cations is 
important to adsorption process. For zeolite X and Y, hydrogen uptake relates closely 
to the BET surface area.  
 
 
 Figure 4.13 shows gas CO2 adsorption capacity for various mesoporous and 
microporous supports as well as the MEA modified of each supports. From the 
figure, the adsorption capacity of microporous supports (NaY and 13X) shows 
significantly high level of CO2 adsorption compare to mesoporous support. The 
highest adsorption is achieved by NaY support at 183.57 mg/g sorbent which is 
about 9.9 times higher than MCM-41 support. This is due to the high level of 
interaction between CO2 gas and the framework of NaY with such narrow pores at 
low pressure condition. This also applied to 13X support which shows slightly 
decreased adsorption capacity at 162.02 mg/g sorbent. However, after the 
modification using MEA was grafted onto these supports, the adsorption capacity 
significantly decreased by up to 60% of its original adsorption capacity. This 
phenomenon is due to pore blockage by the amine molecules since the pore size of 
microporous supports (cages ~ 0.74 nm, supercages ~ 1.3 nm) is smaller than the 
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approximately larger radius of the amine (~1.4 nm) (Weitkamp, 2000; Inoue et al., 
1991). When using MEA to modify microporous supports, the amine tends to 
disperse on the surface of the zeolite framework hence covering the pore of the 
support. Although MEA itself does provide additional CO2 adsorption site, but 
adsorption in the pore of the zeolite framework seem to be the more significant role 
affecting the adsorption capacity. Furthermore, the crystalline phase of NaY and 13X 
decreased after modification by MEA as calculated in Table 4.2. The relative 
intensity for MEA NaY sample is 78.74 which is higher than MEA 13X sample at 
68.93. The higher relative intensity for MEA NaY indicated that the sample has 
better crystalline phase than MEA 13X which explained the higher CO2 adsorption 
capacity for MEA modified NaY. Besides, the decreased crystalline phase for both 
NaY and 13X after MEA modification clarify the decreased adsorption capacity of 
the MEA modified microporuos supports.  
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Figure 7.13: Gas CO2 adsorption capacity for various mesoporous and microporous 
supports and MEA modified supports.  
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 Meanwhile, as for mesoporous supports, all MEA grafted mesoporous 
supports show increment in CO2 adsorption capacity except for MEA modified Co 
MCM-41 sample. Base on Table 7.1, cobalt oxide has the largest particle size 
compare to the other two metal oxides. Co3O4 particle size is 1.4 times larger than 
NiO particle size and 3.9 times larger than CuO particle size. The large particle size 
of Co3O4 formed on the surface of the support after calcination proved to be the 
cause of low adsorption capacity by blocking the pores of the support. As for Cu 
MCM-41 and Ni MCM-41 supports, after grafting of MEA shows only a small 
increase in adsorption capacity. The results show that MEA is not the appropriate 
modify agent to improve adsorption capacity for metal modified supports.  
 
 
 From Figure 7.13, the CO2 adsorption capacity for SBA-15 is 1.2 times 
higher than MCM-41 support without MEA grafted. The slightly higher adsorption 
of SBA-15 is due to larger pore size poses by SBA-15 support. Besides, there were 
also micropores within the wall of SBA-15 structure contribute to the higher 
adsorption capacity. The existences of micropores in SBA-15 also provide higher 
total pore volume at 1.164 cm3/g compare to 1.0 cm3/g for MCM-41 (Klimova et al., 
2006; Zhou et al., 2005; Fulvio et al., 2005). These interesting characteristics of 
SBA-15 proved to be advantageous towards increasing the adsorption capacity. 
However, after MEA had been grafted into both MCM-41 and SBA-15 supports, the 
MEA modified MCM-41 shows even higher adsorption capacity compares to MEA 
modified SBA-15. This is caused by the intrusion of MEA molecules into the pores 
of SBA-15 and blocked the micropores on the surface of the walls. The blocked 
micropores will resulted in reduced total pore volume of SBA-15 support and 
apparently decreasing the adsorption capacity.   
 
 
 TGA curves of CO2 adsorption capacity for MEA modified on different 
mesoporous and microporous supports are shown in Figure 7.14. Averagely, 
mesoporous supports shows more rapid uptake in the early period compares to 
microporous supports. This is evidently shown in the Figure 7.14 especially for MEA 
grafted metal modified MCM-41. For instance, MEA Cu MCM-41 sample has the 
fastest uptake which reaches 85% of the total CO2 uptake in less than 50 minutes. 
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However, at the same time period the MEA modified microporous supports only 
reached about 76% of the total CO2 uptake averagely. Although the CO2 uptake is 
faster for MEA modified mesoporous supports, the total amount of CO2 uptake for 
MEA modified microporous supports is much higher with an average of 73 mg/g 
sorbent adsorption capacity compare to 29 mg/g sorbent of adsorption capacity for 
MEA modified mesoporous supports.  
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Figure 7.14: TGA curves of CO2 adsorption capacity for MEA modified mesoporous 
and microporous supports. 
 
  
The adsorption time that required for CO2 adsorbate to reach equilibrium for 
MEA modified on different mesoporous and microporous supports was shown in 
Table 4.4. Generally MEA MCM-41 sample has the longest time to reach 
equilibrium compared to other samples. The fastest to reach equilibrium adsorption 
time would be MEA 13X in just 160 minutes. However, the adsorption characteristic 
results shows that even though the CO2 adsorption process for several types of 
MEA MCM-41 
MEA SBA-15 
MEA Ni MCM-41 
MEA Cu MCM-41 
MEA Co MCM-41 
MEA NaY 
MEA 13X  
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samples studied reached the saturation condition faster than others, does not 
necessarily mean higher adsorption capacity. This is evidently shown in Table 7.4 as 
MEA NaY sample equilibrium adsorption time is about 300 minutes compared to 
230 minutes for MEA Cu MCM-41 sample. However, the adsorption capacity of 
MEA NaY is 74.96 mg/g sorbent which is 65% more compare to adsorption capacity 
of MEA Cu MCM-41 at 26.5 mg/g sorbent.  
 
 
Table 7.4: Equilibrium adsorption time requirement for MEA modified on different 
mesoporous and microporous supports. 
Samples CO2 adsorption time required (min) 
MEA MCM-41 500 
MEA SBA-15 250 
MEA Cu MCM-41 230 
MEA Ni MCM-41 305 
MEA Co MCM-41 400 
MEA 13X 160 
MEA NaY 300 
 
 
 
 
7.3.3 Effects of amine concentration  
 
 
 To investigate the effects of amine concentration on the gas CO2 adsorption 
capacity, MEA amine had been used to modified MCM-41 support at concentration 
of 10 wt%, 20 wt%, 50 wt% and 75 wt%. The results are shown in Figure 4.15. 
Generally, at low MEA loading, the MEA amine had little contribution on CO2 
adsorption capacity as can be observed in the case of 10 wt% MEA MCM-41 
sample. The adsorption capacity of 23.93 mg/g sorbent is only about 29% increase 
compare to the parent MCM-41 support. The highest adsorption capacity was 
reached at 20 wt% of MEA. The 20 wt% MEA MCM-41 shows high adsorption 
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capacity at 40.91 mg/g sobent which is 120% higher than the parent MCM-41 
support.  
 
 
The pore channels of MCM-41 play an important role on the increase of CO2 
adsorption capacity. When the channels of the MCM-41 are filled with MEA, the 
apparent pore size of the MCM-41 will be decreased. At the same time, more CO2 
affinity sites are introduced into the channel. These two effects may combine 
together and result in further increment of the adsorption capacity. In the case of 
MEA modified MCM-41, physisorption and chemisorption take place at the same 
time. Physisorption on the MEA MCM-41 sample occur mainly in the pore channels 
of MCM-41 support, while chemisorption involve the reaction of CO2 and MEA in 
the channels of MCM-41 as well as on the external surface of MCM-41.  
 
 
When the channels of MCM-41 are fully filled with MEA, the highest 
adsorption capacity can be obtained. When MEA concentration was further increased 
and the MEA begin to coat on the external surface of MCM-41, the adsorption 
capacity starting to decrease (Xu et al., 2002; Xu et al., 2003). Therefore, as can be 
observed from Figure 7.15, higher MEA concentration at 50 wt% and 75 wt% 
resulted in reduced adsorption capacity as more pore channel of MCM-41 being 
filled with MEA hence blocking the pore channels for physisorption to occur 
resulting in steric hindrance (McKittrick and Jones, 2003).  
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Figure 7.15: CO2 adsorption capacity for MEA modified MCM-41 at different 
concentration.   
 
 
 Figure 7.16 presents the TGA curves of CO2 adsorption capacity for MEA 
modified MCM-41 at MEA concentration of 10 wt%, 20 wt%, 50 wt% and 75 wt%. 
There is no specific trend in CO2 uptake rate when increasing the MEA 
concentration. The fastest uptake is achieved by 50 wt% MEA MCM-41 sample 
which reached 90% of total CO2 uptake in 50 minutes. Moreover, 50 wt% MEA 
MCM-41 sample also achieved the shortest equilibrium adsorption time at 200 
minutes. Sample 20 wt% MEA MCM-41 still the slowest to reach equilibrium 
adsorption time at 500 minutes but was able to reach the highest adsorption capacity 
compare to other concentration.  
 
 
The results show that at 20 wt% of MEA concentration, physisorption and 
chemisorption were able to occur synergeticly. The MEA amine occupied the pore 
channels of MCM-41 but still leave some space adequate enough for CO2 molecules 
to physisorp added by chemisorption on the external surface of MCM-41 produced 
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the highest adsorption capacity. The amine concentration higher than 50 wt% would 
cause blockage of the pore channels hence making the CO2 penetration into the 
channels harder and consequently lower adsorption capacity.  
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Figure 7.16 TGA curves of CO2 adsorption capacity for MEA modified MCM-41 
at different concentration.  
 
 
 
 
7.3.4 Effect of temperature  
 
 
 The procedure of operating the TGA equipment involved heating and cooling 
steps that may affects the CO2 adsorption capacity results.  Before CO2 gas being 
introduce into the TGA for adsorption by the samples, heating step is required to 
remove water vapor and other impurities.  By observing the results of adsorption 
20 wt% MEA MCM-41 
75 wt% MEA MCM-41 
50 wt% MEA MCM-41 
10 wt% MEA MCM-41 
20 wt% MEA MCM-41 
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capacity at a range of heating and adsorption temperatures, the influence of different 
operating temperatures of TGA on CO2 adsorption capacity can be study.  The 
experiments run at standard 138 kPa of pure CO2 pressure and in a range of 
temperatures from as low as 25˚C up to 150˚C.  
 
 
 
 
7.3.4.1 Adsorption temperature  
 
 
 The adsorption of CO2 by porous materials or amines is an exothermic 
process. Accordingly, the adsorption capacity should decrease with the increase of 
temperature. However, study in Xu et al. (2002) shows the otherwise that the CO2 
adsorption capacity increased with increasing temperature. In the end, it is stated that 
the adsorption capacity at low temperature will eventually be larger than at high 
temperature if the adsorption time is long enough to ensure that it reached 
equilibrium state. As in this study, there is no such issue as contradicting the 
exothermic process theory as the adsorption time is long enough (24 hours) for the 
samples to reach equilibrium state with the CO2 adsorbate. The results are evidently 
shown in Figure 4.17, as the adsorption capacity decreased when the temperature is 
increased.   
 
 
 The effects of different adsorption temperatures on gas CO2 adsorption 
capacity for 20 wt% MEA modified MCM-41 are presented in Figure 7.17. As 
expected, the CO2 adsorption capacity at adsorption temperature 25˚C (room 
temperature) shows the highest value at 82.30 mg/g sorbent. When the adsorption 
temperature increased to 50˚C, the adsorption capacity decreased to 40.91 mg/g 
sorbent which is 50.3% reduced in total amount CO2 adsorbed. When the adsorption 
temperature is further increased to 75˚C, the adsorption capacity is the lowest at 
17.00 mg/g sorbent which is about 58% decrease compare to amount adsorbed at 
50˚C. These results indicated that for each 25˚C increment in adsorption temperature, 
about half of the adsorption capacity is reduced.  At higher temperature the adsorbate 
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CO2 molecules tend to be in active energized form and are harder to adsorb compare 
to molecules at lower temperature which has lower activation energy to be adsorbed.  
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Figure 7.17: Gas CO2 adsorption capacity for 20 wt% MEA modified MCM-41 at 
different adsorption temperatures.   
 
 
 The adsorption temperature not only affected the adsorption capacity but also 
the CO2 gas uptake rate of 20 wt% MEA MCM-41 sample. Figure 7.18 represents 
the TGA curves of CO2 adsorption capacity for 20 wt% MEA modified MCM-41 at 
the adsorption temperatures of 25˚C, 50˚C and 75˚C. Although the adsorption 
capacity at adsorption temperature 25˚C is the highest, the CO2 uptake rate is the 
slowest. For the first 50 minutes, only about 41% of total uptake is adsorbed by the 
adsorbent compare to 67% uptake for adsorption temperature at 50˚C. Meanwhile, 
the fastest CO2 uptake rate is at adsorption temperature of 75˚C with 84% of total 
uptake amount for the first 50 minutes.  
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Figure 7.18: TGA curves of CO2 adsorption capacity for 20 wt% MEA modified 
MCM-41 at different adsorption temperatures.   
 
 
 
 
4.3.4.2 Heating temperature  
 
 
 The water vapor content in natural gas mixtures can vary from less than 1% 
to more than 10%. On the other hand, water also plays an important role of proton 
transfer agent in the reaction of acidic gas and amine solutions (conventional method 
of removing acidic gas from natural gas). Therefore, it is important to study the 
effects of water on acidic gas adsorption (Kaggerud et al., 2006; Huang and Yang, 
2003).  
 
 
Adsorption at 75˚C 
Adsorption at 50˚C 
Adsorption at 25˚C 
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 Through the study by Huang and Yang, they indicated that water vapor 
actually enhanced CO2 adsorption on the amine modified samples. Quantitative 
analysis of the CO2 desorption amount according to the peak area indicates that the 
amount of CO2 desorbed is twice when the water was present during the adsorption. 
Their result is consistent with the fact that the mechanism for CO2 removal using 
amines is dependent on the presence of water. Two moles of amine groups are 
required to remove every one mol of CO2 molecules in order to form carbamate 
when water vapor is absent from the reaction. Whereas, one mol of amine groups is 
effective enough in removing one mol of CO2 to form bicarbonate in the presence of 
water. The study also suggests that the CO2-amine bonding is enhanced when water 
vapor is presence during the adsorption (Gray et al., 2005; Zhou et al., 2005; Khatri 
et al., 2005; Huang and Yang, 2003).  
 
 
 Since the presence of water affects the CO2 adsorption capacity, thus it is 
essential to study the effect of water vapor during gas-solid adsorption interaction. In 
this study, the main purpose of applying heat to the samples through TGA equipment 
is to remove impurities and water vapor in order to obtain clean adsorption on the 
adsorbents. However, since the presence of water proved to be affecting the 
adsorption capacity, the following experiment was designed to verify the theory. 
Four different heating temperatures were applied through TGA to investigate the 
adsorption capacity of 20 wt% MEA modified MCM-41 as shown in Figure 7.19.  
 
 
 The first heating temperature is 25˚C at room temperature (which is without 
heating). The result shows adsorption capacity of 21.71 mg/g sorbent which is lower 
than standard experiment temperature at 100˚C with high adsorption capacity of 
40.91 mg/g sorbent. The same result is obtained when heating temperature is raised 
to 50˚C with only a slight increase of adsorption capacity at 23.47 mg/g sorbent. 
These findings clearly show that although the presence of water does improve 
adsorption, but without impurities being removed from the pore channels and surface 
of the adsorbents, it is impossible to achieve maximum CO2 adsorption capacity. For 
the last experiment, heating temperature was applied higher than water boiling point 
at 150˚C since even at 100˚C there still is a small trace of water vapor trapped. This 
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is to ensure all water vapor is removed from the system, hence the adsorption of CO2 
without the presence of water vapor is able to be confirmed. The CO2 adsorption 
capacity at heating temperature 150˚C is 33.11 mg/g sorbent which is about 19% 
lower than standard at 100˚C. The result further confirm that the presence of water 
vapor does contribute to CO2 adsorption capacity by amine modified MCM-41.  
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 Figure 7.19: CO2 adsorption capacity for 20 wt% MEA modified MCM-41 at 
different heating temperatures.   
 
 
Figure 7.20 presents the effect of heating temperatures on CO2 uptake rate of 
20 wt% MEA modified MCM-41. Surprisingly, although without heating gives the 
lowest adsorption capacity, the rate of CO2 adsorption is extremely fast compare to 
others. For the first 20 minutes, a total of 94% CO2 uptake is already adsorbed by the 
adsorbent and the equilibrium is reached by 80 minutes time. As for heating 
temperature at 50˚C, the uptake rate is a bit slower with 83% of total uptake can be 
achieved for the first 20 minutes and the equilibrium time required is also quite fast 
at 110 minutes. Finally, the CO2 uptake rate shows by 20 wt% MEA modified 
MCM-41 at heating temperature 150˚C is 78% for the first 50 minutes. The 
 375 
equilibrium adsorption time is also longer at 350 minutes but is still faster than 
uptake rate for standard heating temperature at 100˚C.  
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Figure 7.20: TGA curves of CO2 adsorption capacity for 20 wt% MEA modified 
MCM-41 at different heating temperatures.   
 
 
 
 
7.4 Gas-Solid Interaction 
 
 
 Interaction between asorbate gas and the solid adsorbent plays an important 
role in adsorption process. Therefore, it is essential to fully understand the 
characteristics of interaction between the adsorbed CO2 gas molecules and the amine 
modified support materials. In situ FTIR spectroscopy has been utilized for studying 
the adsorbed species interaction with support materials surface directly and the 
transport of interacting molecules in pores of the support materials. For this study, 
Without heating 
Heating at 50˚C 
Heating at 150˚C 
Heating at 100˚C 
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the amine modified samples were activated at 100˚C and vacuum at the same time 
for 2 hours before the introduction of adsorption gas CO2 at various pressures. After 
the adsorption of CO2 at room temperature for another 1 hour, the samples were 
studied by transmission FTIR spectroscopy. Thus, the FTIR spectra acquired are the 
result of solely the interaction of CO2 gas with the support surface only.  
 
 
 
 
7.4.1 Interaction of CO2 on various amines modified MCM-41 
 
 
 Carbon dioxide is a linear molecule with four fundamental vibration modes at 
v1 1340 cm-1, v3 2350 cm-1 and two bending modes at 666 cm-1, only v3 and one of 
the v2 bending modes that in the plane position are infrared active (Hiyoshi et al., 
2005; Ingle and Crouch, 1988). The in situ FTIR cell used in this study consists of 
CaF2 window which leads to the limitation of wavelength range at 77,000 – 900 cm-
1. Hence, the vibration of CO2 molecules will only be detected at 2350 cm-1 region. 
FTIR spectra of various amines modified MCM-41 after CO2 adsorption process is 
presented in Figure 7.21. The spectra are separated into two section which are 
physisorption section in the region of 2600 – 2000 cm-1 and chemisorption section in 
the region of 1580 – 1350 cm-1.  
 
 
 From Figure 7.21, the band with frequencies around 2350 cm-1 is attributed to 
the v3 vibration of physisorbed CO2. It was observed that the FTIR spectra of 
adsorbed CO2 in amine modified MCM-41 is similar to the CO2 band for the parent 
MCM-41 support. The 2350 cm-1 band in the spectra CO2 appeared at the same 
location for the pure CO2 gas phase and the adsorbed physisorbed phase which 
further confirmed the physisorption of CO2 molecules on the amine modified MCM-
41. Meanwhile, another broader band in the 1580 – 1350 cm-1 region was observed 
for all the amine modified MCM-41 except the MCM-41 support. The peak broad 
band at around 1455 cm-1 represents the C-N stretching vibrations in other word the 
chemisorbed CO2 band. The parent MCM-41 spectrum does not exhibit the band at 
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1455 cm-1 region since no amine was detected. This clarify the 1455 cm-1 band is 
attributed to chemisorption of CO2 reacted with amine of the amine modified MCM-
41 to form carbonates and bicarbonates in certain circumstance (Zhao et al., 1996; 
Wakabayashi et al., 1997; Khatri et al., 2005; Hiyoshi et al., 2005).   
 
 
 
Figure 7.21 FTIR spectra of CO2 adsorbed on: (a) MCM-41; (b) 20 wt% MEA 
MCM-41; (c) 20 wt% DEA MCM-41; (d) 20 wt% TEA MCM-41; (e) 20 wt% 
MDEA MCM-41; and (f) 20 wt% PEI MCM-41 at equilibrium pressures of 138 kPa 
and room temperature 25˚C.  
 
 
 All amine modified MCM-41 and parent MCM-41 show absorption band at 
2350 cm-1 region which represent physisorption of CO2 on the adsorbents as shown 
in Figure 7.21. All the bands can be observed at around the same region of 2350 cm-
1. However, the opposite happen on the chemisorption section which shows 
inconsistent band and with different absorbance value. The 20 wt% TEA MCM-41 
spectrum shows the absorption band at 1456.46 cm-1 which is slightly shifted to the 
lower wavelength compares to others which are more consistent. On the other hand, 
the parent MCM-41 spectrum does not shows any peak at 1455 cm-1 region since 
there is no amine being modified on the adsorbent.  
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7.4.2 Interaction of CO2 on modified MCM-41 at various pressures  
 
 
 In order to investigate the effect of equilibrium pressure to the mechanism of 
CO2 gas interaction with MCM-41 surfaces, the adsorption of CO2 molecules at 
room temperature (25˚C) with increasing pressure on amine modified MCM-41 was 
carried out as shown in Figure 7.22. Although the absorbance of the stretching bands 
changed with increasing pressure, but the band frequencies almost remain 
unchanged.  
 
 
By observing the FTIR spectra, increased of the equilibrium pressure would 
result in an increase of the intensity of the 2350 cm-1 absorption band which is 
assigned to physisorbed CO2 band. All the bands show consistent frequencies but 
increased in intensity. As for the chemisorbed band at 1455 cm-1 region, the 
absorption peaks were not consistent especially at high pressure of 414 kPa and 552 
kPa. The bands clearly shifted to lower frequencies at around 1420 cm-1.  
 
 
By increasing the CO2 equilibrium pressure, the absorbance area for the 
physisorption peak also increase up to 276 kPa as shown in Figure 7.23. However, 
further increase in pressure up to 414 kPa and 552 kPa shows decreasing in 
absorbance area. The peak area in the 2345 – 2335 cm-1 region starting to decrease at 
high pressure as the CO2 adsorption achieved saturation condition in the case of 
physisorption. However, in the case of chemisorption, the higher CO2 equilibrium 
pressure applied, the more interaction between amine and CO2 molecules resulting in 
more chemical reaction and higher chemisorption (Hiyoshi et al., 2000; Zheng et al., 
2005; Xu et al., 2003; Cheng et al., 2006a). This is evidently shown in Figure 7.24 as 
the peak area in the 1450 – 1420 cm-1 region kept increasing with pressure 
increment.  
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Figure 7.22: FTIR spectra of CO2 adsorbed on MEA modified MCM-41 at 25˚C  
and equilibrium pressure: (a) without CO2; (b) 138 kPa; (c) 276 kPa; (d) 414 kPa and 
(e) 552 kPa. 
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Figure 7.23:Effect of equilibrium CO2 pressure on the FTIR absorbance areas (2345 
– 2335 cm-1 region) for the physisorption peak. 
Wavenumbers (cm-1) 
A
bs
or
ba
nc
e 
A
bs
or
ba
nc
e 
(a) 
(b) 
(c) 
(d) 
Wavenumbers (cm-1) 
(a) 
(b) 
(c) 
(d) 
2600 2500 2400 2300 2200 2100 2000 1580 1540 1500 1420 1380 1350 1460 
0.5 A 0.3 A 
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
(a) (a) 
(b) 
(b) 
(c) 
(c) 
(d) 
(d) 
(e) 
(e) 
 380 
 
 
16.54
37.88
41.12
44.34
0
5
10
15
20
25
30
35
40
45
50
A
b
s
o
rb
a
n
c
e
 a
re
a
 (
a
.u
.)
138 276 414 552
Pressure (kPa)
 
Figure 7.24: Effect of equilibrium CO2 pressure on the FTIR absorbance areas (1450 
– 1420 cm-1 region) for the chemisorption peak. 
 
 
 
 
7.5 Summary 
 
 
 The structural characteristics and properties as well as carbon dioxide 
adsorption characteristics of amine modified mesoporous and microporous materials 
have been thoroughly studied within the scope of research. The adsorption process of 
porous materials is generally depends on several parameter such as pore volume, 
surface area, surface properties and the strength of adsorbate-adsorbent interactions. 
The incorporation of various alkanoamines on porous materials greatly enhances the 
CO2 adsorption performance especially for mesoporous materials. Furthermore, the 
amines also improved the CO2-adsorbent bonding and as a result increasing the 
selectivity of the adsorbent towards CO2 adsorption. However, effect of amines on 
porous materials is varying differently towards mesoporous materials and 
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microporous materials. From the study, mesoporous materials’ CO2 adsorption 
capacity improved significantly when using monoethanolamine as the modifying 
agent especially on MCM-41 support. By contrast, monoethanolamine modification 
on microporous materials shows reduced CO2 adsorption capacity. In addition, not 
all amines are suitable for modification on porous materials. Certain amines with 
large molecules size would actually decrease the CO2 adsorption performance of the 
adsorbent. Therefore, this study proved to be important in order to understand the 
CO2 adsorption performance of amine modified mesoporous and microporous 
materials.  
 
 
CHAPTER 8 
 
 
 
 
ZEOLITE AS ADSORPTIVE METHANE STORAGE ADSORBENT 
 
 
 
8.1 Introduction 
 
 
Porous solid are used technically as adsorbents, catalyst and catalyst supports 
owing to their structures that give rise high surface area. These structures vary greatly 
depending on the method of preparation. In particular, they differ in their pore 
dimensions, which can range from molecular size of 0.5 to 1 nm as in zeolitic materials, 
to 2-10 nm as in mesoporous MCM-41 type of materials, to large pores as in amorphous 
silica without a regular structure. Because of the different pore dimensions, these 
materials have different adsorptive and diffusive properties for organic molecules, which 
lead to different adsorption behaviors.  In this chapter, results for the high pressure 
methane adsorption on various microporous and mesoporous silica adsorbents will be 
discussed based on the methane adsorption capacity, and amount of methane adsorbed 
and desorbed.  The effect of adsorbents structure and properties on methane adsorbed 
and desorbed capacity will be discussed.  Effect of metal oxide and metal loading will 
also be discussed in order to understand how certain metal will affect the adsorbents on 
methane adsorbed and desorbed capacity.  The performance and temperature changes of 
the adsorbents during charging and discharging will also be discussed. 
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8.2 Microporous and Mesoporous Silica 
 
 
8.2.1 Methane Adsorption Characteristics 
 
 
The methane adsorption capacity of various types of adsorbents for pressure 
range from 100 to 500 psi is given in Table 8.1. Each adsorbent has different structure 
and properties such as surface area, micropore volume and packing density that have an 
influence on the methane adsorption capacity. The methane adsorption capacity of 
zeolite 13X was found to be comparable with the results reported in the literature.  For 
instance, at 500 psi, the methane storage capacity was found to be 5.0104 mol/kg. While, 
at the same pressure, Cavenati et al. (2004) was reported to be 5.055 mol/kg.  This 
difference might be due to different assumptions and method of calculation used. It is 
also at 500 psi, the methane adsorption capacity for microporous adsorbents decreases 
according to the following order: zeolite H-Beta > zeolite 13X > zeolite HY > zeolite 
ZSM-5. 
 
 
Table 8.1:  Methane adsorption capacity of adsorbents at various pressures. 
 
Methane Adsorption Capacity (mol/kg) 
 
Adsorbents 
 
Packing 
Density 
(g/cm3) 100 psi 200 psi 300 psi 400 psi 500 psi 
13X 0.56 2.7435 3.3103 3.8769 4.4437 5.0104 
ZSM-5 0.53 1.5180 2.0856 2.6531 3.2207 3.7883 
H-Beta 0.23 1.6806 2.9347 4.1887 5.4427 6.6967 
HY 0.38 0.9089 1.7045 2.5003 3.2960 4.0916 
MCM-41 0.14 2.7440 5.0685 7.3932 9.7179 12.0425 
SBA-15 0.08 4.3744 7.8300 11.2856 14.7411 18.1967 
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 The methane adsorption capacity for the mesoporous adsorbents (SBA-15 and 
MCM-41) is higher than microporous adsorbents.  Methane adsorption capacity of 
MCM-41 at 35 bar (508 psi) reported by Duren et al. (2004) was 41.57 cm3/cm3, which 
is in good agreement with result obtained in this study.  At 35 bar (508 psi), MCM-41 
adsorption capacity obtained from this study is 41.32 cm3/cm3.   
  
 
According to Chang and Talu (1996), the most commonly used indicator of the 
methane delivery is based on the volume of gas discharge at ambient condition over 
volume of the storage.  Table 8.2 shows the volumetric methane adsorption capacity for 
various adsorbent at pressure from 100 to 500 psi. On volumetric basis, SBA-15 and 
MCM-41 have lower volumetric adsorption capacity than microporous zeolites 
understudy. 
 
 
Table 8.2:  Methane adsorption capacity (V/V) of different adsorbents at various 
pressures. 
 
Methane Adsorption Capacity (V/V) 
 
Adsorbents 
 
Packing Density 
(g/cm3) 100 psi 200 psi 300 psi 400 psi 500 psi 
13X 0.56 37.88 45.71 53.53 61.36 69.18 
ZSM-5 0.53 20.03 27.52 35.02 42.50 49.99 
H-Beta 0.23 10.29 17.31 24.30 31.35 38.37 
HY 0.38 8.56 16.06 23.55 31.05 38.54 
MCM-41 0.14 8.03 15.66 23.29 30.92 38.56 
SBA-15 0.08 9.17 16.41 23.65 30.89 38.13 
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 Tables 8.1 and 8.2 show that low packing density with high surface area on 
weight basis will have higher methane capacity per unit mass of adsorbents as pressure 
increases however the methane capacity at high pressure are less compare to the other 
adsorbents with higher packing density but lower surface area.  Mesoporous silica such 
as MCM-41 and SBA-15 has higher surface area compare to zeolite but low packing 
density resulting in higher methane capacity per unit mass of adsorbent.  This explains 
why mesoporous silicas have higher methane capacity per mass adsorbent as pressure 
increases but in term of volume methane desorbed or store per volume of cell, 
microporous silicas give better mass methane adsorption capacity. 
 
 
 The adsorbents tested for the high pressure adsorption are expected to experience 
structure change before and after high pressure adsorption.  However, XRD results show 
that adsorbents before and after high-pressure adsorption do not exhibit any changes in 
their structure.  Salem et al. (1998) did high-pressure adsorption on activated carbon and 
according to their results, there were also no structure changes occur after high pressure 
adsorption. It is possible to have some changes during adsorption but it is reversible.  
Although, XRD results show that the structure for microporous and mesoporous 
adsorbents do not change after high pressure adsorption but studies done by Bai et al. 
(2002) indicate that high pressure between 1000 bar (14503 psi) and 4800 bar (696181 
psi) will influence the structure of mesoporous materials.  Therefore, one can conclude 
that adsorption pressure range from 1 bar to 34.47 bars will not change the structure of 
the adsorbents.   
 
 
 From the literature, one expects that the best material to achieve high methane 
adsorption per mass of adsorbent would have high accessible surface area, high free 
volume, low adsorbent framework density and strong energetic interaction with the 
adsorbed methane (Duren et al., 2004). Much attention has focused on the role of 
surface area so in this study the role of surface area will be analyzed.  In order to 
elucidate the affect of surface area on the amount of methane adsorbed, the amount 
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methane adsorbed at 500 psi (34.47 bar) was plotted (Figure 8.1).  The results show that 
zeolite 13X, zeolite H-Beta, zeolite ZSM-5 and zeolite HY, which are microporous silica 
are affected by the surface area.  The higher surface area gives higher the methane 
adsorption capacities.  However, MCM-41 and SBA-15 which are mesoporous silica do 
not affect by the surface area.  MCM-41 which has higher surface area has lower 
methane capacity compare to SBA-15.  One factor that may contribute for the difference 
in term of methane adsorption capacity between SBA-15 and MCM-41 is that in SBA-
15 has the presence of specific adsorption sites. 
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Figure 8.1: Methane adsorption capacity at 500 psi versus adsorbents surface area. 
 
 
 Recently reported structural elucidation studies on SBA-15 indicated the 
existence of micropores within the pore walls of its mesopores (Fulvio et al., 2005; 
Klimova et al., 2006; Newalkar et al., 2002).  The origin of such micropores is ascribed 
to the hydrophilic nature of poly (ethylene oxide) (PEO) blocks of the template that are 
expected to be deeply occluded within the silica walls, which, upon calcination are 
responsible for the generation of microporosity.  Quantitative measurements by X-ray 
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diffraction have also shown the existence of microporous corona around the mesoporous 
of SBA-15 (Newalker et al., 2002).   
 
 
In view of this, the SBA-15 framework is visualized as a complex network 
consisting of an array of mesopore-micropore network instead of uniform mesoporous 
network like MCM-41.  It is expected that with the presence of these micropores, 
methane molecules will be transported to these sites through mesopores where they are 
to be adsorbed strongly and due to this, the performance of SBA-15 is better compare to 
MCM-41.  Results presented in Table 8.3 show the amount of gas adsorbed at specific 
pressure for both MCM-41 and SBA-15.  As indicated in the result obtained, SBA-15 is 
much better than MCM-41.  MCM-41 contain large pore that do not adsorb much 
methane as their interaction potential is too weak. 
 
 
Table 8.3: Amount of methane adsorbed (mol/kg) for SBA-15 and MCM-41. 
Amount of Methane Adsorbed (mol/kg)  
Adsorbents 100 psi 200 psi 300 psi 400 psi 500 psi 
SBA-15 1.3869 1.7798 2.1063 2.3554 2.5396 
MCM-41 0.8782 1.2898 1.6602 1.9823 2.2637 
 
 
 
 
 
8.2.2 Methane Adsorption Isotherms 
 
 
 Absolute adsorption isotherms for the four zeolites considered are presented in 
Figure 8.2.  At low pressure, materials with the strongest enthalphic interactions with 
sorbed molecules show the highest level of adsorption (Frost et al. 2006).  These tend to 
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be adsorbents with narrow pores because small pores increase the interaction between 
methane and the framework. 
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Figure 8.2: Methane adsorption isotherms of various zeolites. 
 
 
 
A higher interaction will result higher heat of adsorption.  So at low pressure 
loading, pore size of the adsorbents play an important role but when these pore size are 
already fill up with methane gas as the pressure increase, the amount of gas adsorbed 
will then be correlates with the surface area.  Frost et al. (2006) had identified three 
adsorption regimes during high pressure adsorption.  At low pressure, heat of adsorption 
will affect the amount methane adsorbed.  At intermediate pressures, the amount 
adsorbed correlates with surface area and at the highest pressure, the amount adsorbed 
correlates with the free volume.   
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 How the three adsorption regimes connect to each other can be explained using 
the theory of micropore volume filling.  When the methane gas is in contact with the 
adsorbents, physical adsorption will occur.  The pores of the adsorbents will be filled 
from the smallest pore up to pores of a certain dimension while in larger pores 
adsorption layer is built up on the pore walls (Nguyen and Do, 2001).  As the pressure 
increases, somewhat wider pores are also filled until at certain pressure a multilayer 
forms over the filled micropores, which also covers the smooth parts of the surface.  
These molecules are further pressed against each other as a result of the overlapped 
potential forces.  When the surface area of the adsorbents fill up, adsorbents with free 
volume will have more room for the guest molecules and consequently will have higher 
methane gas loading.   
 
 
 The adsorption isotherm (absolute amount adsorbed per kilogram of adsorbent) 
of methane onto zeolite 13X,  zeolite H-beta, zeolite HY, zeolite ZSM-5, SBA-15 and 
MCM-41 are shown in Figures 8.3 and 8.4.  Solid lines in the figures represent the 
Freundlich isotherm fiting, while the dotted symbols are the experiment data represent 
each sample tested.  The experiment data were well represented by the Freundlich 
adsorption isotherm model (Choudhary and Mayadevi, 1996), that is 
 
                                       q = kP1/n                                                    (4.1) 
 
where q is the amount of methane store (mol/kg) at equilibrium pressure P in psi and k 
and n are the Freundlich constants.  The equilibrium adsorption parameters obtained are 
compiled in Table 8.4.  In general, the methane adsorption isotherms were 
approximately of Type I in nature according to the Brunauer classification, suggesting 
that physisorption takes place in these materials.  Although experiments are extended to 
relatively high pressure, no maximum was observed in the isotherms. 
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Table 8.4: Constants of Freundlich isotherm model for methane adsorption onto various  
adsorbents (0 – 500 psi). 
Freundlich Constants  
Adsorbents k n 
 
13X 
 
0.4827 
 
2.6991 
ZSM-5 0.1080 1.7683 
H-beta 0.0318 1.1650 
HY 0.0122 1.0699 
MCM-41 0.0395 1.0885 
SBA-15 0.0732 1.1297 
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Figure 8.3: Methane adsorption isotherms on various zeolite; solid lines, Freundlich 
model; dotted symbol, experimental data. 
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Figure 8.4: Methane adsorption isotherms on MCM-41 and SBA-15; solid lines, 
Freundlich model; dotted symbol, experimental data. 
 
 
 In order to explore further, a second analysis was performed using the Langmuir 
model (Ahn et al., 2006; Bellat and Grange, 1995; Langmi et al., 2005; Huesca et al., 
1998).  In its linear form the Langmuir equation is written as: 
 
                              P/n  = 1/(nmb) + P/nm                                              (4.2) 
 
Where n is the specific amount of gas adsorbed at the equilibrium pressure P of 
the gas; nm the monolayer capacity and b is the adsorption coefficient, which is related to 
the energy of adsorption (Langmi et al., 2005).  The Langmuir plots are presented in 
Figure 8.5 and for all the materials, the plots are nearly linear over the whole pressure 
range of 0 to 500 psi.  This suggests that the Langmuir model may be a valid 
representation of methane adsorption on these adsorbents and underlying the present 
observation is physical absorption.   
 
  
392 
The derived Langmuir parameters are presented in Table 8.5.  The data obtain for 
the amount of gas adsorbed from the experiment are in good agreement with the 
calculated monolayer capacities except for zeolite HY.  Variations in the adsorption 
coefficient reflect differences in the adsorption energy of the various adsorbents.  
 
Table 8.5: Langmuir parameters for various adsorbents. 
 
 
Adsorbents 
 
Experimental Data 
of  
CH4 Adsorbed 
at 500 psi 
(mol/kg) 
 
 
Monolayer 
Capacity, 
nm 
(mol/kg) 
 
Adsorption 
Coefficient, 
b 
(psi-1) 
13X 3.0222 3.2584 0.0202 
ZSM-5  1.5718 1.7746 0.0127 
H-beta 0.8957 1.055 0.0106 
HY 0.8467 1.4956 0.0020 
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Figure 8.5: Langmuir plots for the adsorption of methane onto various adsorbents. 
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8.2.3 Methane Adsorptive Storage Characteristics 
 
 
8.2.3.1 Charging Phase 
 
 
 The temperature profile during methane adsorption onto microporos adsorbents 
is given  in Figure 4.6.  Only zeolite H-Beta will be shown here because other 
adsorbents show similar results to zeolite H-Beta. 
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Figure 8.6: Temperature of the adsorption cell during methane adsorption onto H-
Beta zeolite at various pressures. 
 
 
 Adsorption is an exothermic process so a rise in temperature occurs (Figure 8.6).  
The heat is being released is due to the heat of adsorption generated as a result of 
methane adsorbs on the adsorbent.  As the pressure increases, the pore of the adsorbents 
will fill up until at a certain pressure, so as the heat of adsorption will not influence the 
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adsorption.  This has been explained earlier that high pressure adsorption can be 
distributed into three regimes which are heat of adsorption, surface area and free 
volume.  As more and more gas is charged into the adsorption cell, the temperature in 
the cell did not continue to rise instead of the temperature start to fall to ambient 
temperature.  This can be explained that when the temperature starts to fall as pressure 
increases, all the pore are already being fill, so it is suggest that gas uptake is due mostly 
to gas compression rather than adsorption (Sejnoha et al., 1995). 
 
 
 
 
8.2.3.2  Discharging Phase 
 
 
 The pressure changes that occur in the adsorption cell during discharging is 
shown only for a typical run with zeolite ZSM-5, discharging the gas from 500 psi to 
atmospheric pressure.  The pressure history is shown in Figure 8.7.  The pressure 
variation with time is nonlinear, since it corresponds to the transformation of a fixed 
demand rate by the nonlinear isotherm relation.   
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Figure 8.7: A typical transient pressure of the adsorption cell during discharging 
process. 
 
 
 The behavior of the bed temperature during desorption is rather critical than 
charging phase.  Bed temperature fall with gas exhaustion happens due to the effect of 
heat of desorption.  Variation of the temperature in the very central region of the storage 
vessel is illustrated in Figure 4.8.  Desorption is an endothermic process where heat is 
used to desorbed the gas.  Under natural conditions when no heat is supplied to the 
system, methane molecules will use heat available within the system to desorb the gas.  
This will cause the system temperature to fall as the pressure decreases.  When the 
system temperature fall, this will cause some methane gas to be adsorb back into the 
adsorbent and the larger the temperature drop results the higher the amount of methane 
retained in the system (Chang and Talu, 1996).   
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Figure 8.8: Temperature of the adsorption cell during methane desorption from the 
zeolite H-Beta. 
 
 
 The temperature drop in this experiment is low because heat transfer from the 
surrounding into the system is easier due to the fact that the adsorption cell used is small.  
Due to the small dimension of the adsorption cell, heat from the surrounding will 
encounter little resistance to be adsorbed by the adsorbents.   
 
 
 Tables 8.6 and 8.7 illustrate the amount of gas release and the delivery capacity 
of different adsorbents at specific pressure respectively.  Table 4.6 shows that the zeolite 
H-Beta, have the highest amount of methane desorbed per gram of adsorbent from 
pressure 200 psi to 500 psi.  At 100 psi, zeolite 13X is much better than H-Beta but as 
the pressure increases, H-Beta shows higher amount of methane desorbed.  The amount 
of methane desorbed for both zeolite ZSM-5 and zeolite HY were almost the same for 
pressure ranging from 100 to 300psi.  At 200 psi, the methane desorbed for both zeolite 
ZSM-5 and zeolite HY adsorbents were 1.6104 mol/kg and 1.6479 mol/kg respectively.  
Meanwhile at 300 psi, the amount of methane desorbed for zeolite ZSM-5 and the 
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zeolite HY is 2.1779 and 2.4437mol/kg respectively.  However, the zeolite HY is much 
better than zeolite ZSM-5 as the pressure increases.  The zeolite HY and zeolite 13X 
show a similar result at 400 psi and 500 psi.  The values for both adsorbents were close 
for pressure 400 and 500psi.  Comparing the results obtain for microporous adsorbents 
only, the zeolite 13X has the highest amount of methane desorbed per kilogram of 
adsorbent at 100psi but from 200 psi to 500 psi, H-Beta have the highest amount 
compare to other adsorbents.  The zeolite ZSM-5 shows the lowest amount of methane 
desorbed although at 100psi it is better than zeolite HY but at pressure 200 psi and 
above the zeolite HY is better.  The mesoporous adsorbents tested in this study have a 
very high amount of methane desorbed per kilogram of adsorbent compare to the 
microporous adsorbents.  The MCM-41 is 2 times higher than the zeolite H-Beta for all 
pressure ranges and the SBA-15 has amount of methane desorbed 3 times higher than 
the zeolite H-Beta.  It can also be observed that as the pressure increases, the amount 
methane release for all adsorbents also increases.    
 
 
Table 8.6:  Amount of methane desorbed at various pressures for different types of 
adsorbents. 
 
Amount of Methane Desorbed (mol/kg) 
 
Adsorbents 
 
Packing 
Density 
(g/cm3) 100 psi 200 psi 300 psi 400 psi 500 psi 
13X 0.56 1.6551 2.2219 2.7886 3.3553 3.9220 
ZSM-5 0.53 1.0428 1.6104 2.1779 2.7455 3.3131 
H-Beta 0.23 1.4673 2.7214 3.9754 5.2294 6.4834 
HY 0.38 0.8523 1.6479 2.4437 3.2394 4.0350 
MCM-41 0.14 2.5342 4.8589 7.1836 9.5083 11.8329 
SBA-15 0.08 3.9150 7.3706 10.8262 14.2817 17.7373 
 
 
 As can be seen in Table 8.7, the volumetric methane delivery capacity was 
calculated for the adsorbents tested.  It can be seen that, even though the sample with the 
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highest amount of methane release on a gravimetric basis which in this case is SBA-15 
(Table 8.6), this sample does not have the highest volumetric delivery capacity.  Table 
8.7 includes the packing density and volumetric methane delivery values for all the 
samples used in this study.  The zeolite 13X gives the highest value of methane delivery 
capacity for all pressure range.  SBA-15 and zeolite H-Beta have similar values and 
these two samples have the lowest methane delivery capacity compare to other samples.  
Zeolite HY and MCM-41 also have similar values but ZSM-5 is better for all pressures.  
One important parameter that can be taken into account is the packing density.  
Previously, we find out that packing density also affect the methane adsorption capacity.  
The zeolite 13X which has the highest packing density gives the highest value of 
methane delivered in term of volumetric basis and although SBA-15 have the highest 
methane delivered in gravimetric basis it has the lowest packing density thus resulting 
lower delivery capacity in volumetric basis.  Even though the zeolite HY has higher 
packing density than MCM-41, their value are almost the same but MCM-41 is better as 
pressure increases and this is can be due to the large pore volume poses by MCM-41.  
So in order to get maximum methane delivery, samples with high pore volume and high 
packing density are needed.  
 
 
Table 8.7: Methane delivery capacity (V/V) of different adsorbents at various pressures. 
 
Methane Delivery Capacity (V/V) 
 
Adsorbents 
 
Packing 
Density 
(g/cm3) 100 psi 200 psi 300 psi 400 psi 500 psi 
13X 0.56 22.85 30.68 38.51 46.33 54.16 
ZSM-5 0.53 13.76 21.25 28.74 36.23 43.73 
H-Beta 0.23 8.66 15.68 22.69 29.71 36.73 
HY 0.38 8.02 15.52 23.02 30.51 38.01 
MCM-41 0.14 7.83 15.46 23.09 30.72 38.36 
SBA-15 0.08 8.20 15.44 22.68 29.92 37.16 
 
 
  
399 
 
Using the measured amount of methane discharge from different adsorbents, a 
comparison can be made among the adsorbents tested and this is illustrated in Table 8.8. 
Table 8.8 also includes the amount of methane retained in the cell after discharging at 1 
bar.  It can be observed that even though the zeolite 13X has the highest methane 
delivery capacity on volumetric basis, it retains the highest amount of methane at 1 bar, 
21.72% of the gas stored still remain in the adsorption cell after discharging.  The zeolite 
ZSM-5 has the second highest of methane retain followed by zeolite H-Beta, SBA-15, 
MCM-41 and finally zeolite HY.  MCM-41 and SBA-15 have lower amount of 
methane-retained compare to other microporous samples except for the zeolite HY, 
which has have higher micropore volume compare to other microporous samples. 
 
 
Table 8.8: Methane adsorption capacity (mol/kg), methane delivery capacity (v/v), and 
amount of methane retained (cm3) at 500 psi for various adsorbents understudy. 
 
 
Adsorbents 
 
Packing 
Density 
(g/cm3) 
 
CH4 
Adsorption 
Capacity, 
(mol/kg) 
 
CH4 
Adsorption 
Capacity, 
(v/v) 
 
 
CH4 
Delivery 
Capacity, 
(v/v) 
 
CH4 
Retained 
at 1 bar, 
(cm3) 
 
 
% CH4 
Retained 
13X 0.56 5.0104 69.18 54.16 225.44 21.72 
ZSM-5 0.53 3.7883 49.99 43.73 94.08 12.55 
H-Beta 0.23 6.6967 38.37 36.73 24.56 4.27 
HY 0.38 4.0916 38.54 38.01 9.03 1.56 
MCM-41 0.14 12.0425 38.56 38.36 10.87 1.88 
SBA-15 0.08 18.1967 38.13 37.16 14.44 2.52 
 
 
According to Lozano-Castello et al. (2002), samples with too narrow pore size 
are not suitable for methane storage application because they retain a lot of methane at 
atmospheric pressure.  Mesoporous have high micropore volume and this factor cause 
the amounts of methane remain in the sample after discharging is low, the value of 
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1.88% and 2.52% of methane retain in the adsorption cell for MCM-41 and SBA-15 
respectively reflects this.  Heat of desorption can also causes the methane to be retain in 
cell due to temperature drop.  Discharging is an endothermic process, it has the opposite 
thermal effect of charging, adsorbents will adsorb heat from the surrounding that cause 
the temperature in the adsorption cell to drop and thus stop desorption.  However in this 
study, the temperature drop for all the adsorbents tested is not high and the impact on the 
amount of methane retained after desorption at atmospheric pressure is not significant.   
 
 
 
 
8.3 Modified Microporous and Mesoporous Silica 
 
 
8.3.1 Methane Adsorption Characteristics 
 
 
It has been reported that with the introduction of metal into zeolite and 
mesoporous adsorbents, strong electric field and field gradients will be created that will 
favor gas adsorption (Li and Yang, 2006). 
 
Thermal dispersion (TD) and incipient wetness impregnation (IWI) methods 
were employed for the preparation of MgO/H-beta and CuO/H-beta.  For the thermal 
dispersion method, MgO was grinded into powder and mixed uniformly with H-beta at 
room temperature.  The powder mixture was heated up to 873.15 K and held at that 
temperature for 24 hours.  High pressure adsorption until 500 psi was carried out to test 
this adsorbent and the adsorption performance was compared with that of the adsorbent 
prepared by the wet impregnation method using Mg(NO3)2 as magnesium oxide 
precursor.  At 500 psi and room temperature, on thermally dispersed MgO/H-beta, the 
amount store of CH4 was 10.8 mol/kg.  Similar to MgO/H-beta, CuO/H-beta prepared by 
thermal dispersion is better than the same adsorbent prepared by wet impregnation 
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method.  The capacity of TD MgO/H-beta and TD CuO/H-beta is 37.4 % and 33.2 % 
greater than of the same adsorbent prepared by impregnation method respectively.  The 
higher adsorption capacity for the thermal dispersion method was possibly caused by the 
uniform dispersion of MgO and CuO into the adsorbents channels, the pore sizes that 
being modified after the dispersion and adding by the moltening effect on the external 
surfaces, which provides more active sites for CH4 adsorption.  The amount of methane 
discharge from TD modified adsorbent is also greater than IWI modified samples.  Table 
8.9 and Figure 8.9 summarize the result obtained.  
 
 
Table 8.9: Comparison between thermal dispersion (TD) and incipient wetness 
impregnation (IWI) methods for preparation metal oxide modified zeolites. 
 
Methane Adsorption Capacity 
(mol/kg) 
 
 
Methane Delivery Capacity  
(mol/kg) 
 
Adsorbents 
100 psi 300 psi 500 psi 100 psi 300 psi 500 psi 
MgO/H-beta 
(TD) 
2.9044 6.8329 10.7614 2.4343 6.3628 10.2913 
MgO/H-beta 
(IWI) 
1.6403 4.1883 6.7363 1.4572 4.0052 6.5532 
CuO/H-beta 
(TD) 
2.1298 6.0698 10.0098 2.0499 5.9899 9.9299 
CuO/H-beta 
(IWI) 
1.8656 4.2747 6.6839 1.5357 3.9442 6.3534 
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Figure 8.9: Effect of modification techniques on methane adsorption. 
 
 
Three types of metals were used to disperse onto zeolite H-Beta, 13X and ZSM-5 
host matrix system and three types of metal were also used to modify the mesoporous 
MCM-41 sample.  It is suggest that factors such as the pore size of adsorbents, the 
dynamic diameter of the metal - particle size, and their physicochemical properties play 
important roles for the dispersion of metal into the adsorbents.  The physical properties 
of the metal used are listed in Table 8.10.   Zeolite H-Beta and ZSM-5 was modified 
using thermal dispersion method by adding metal oxides and results of the XRD show 
that the peak intensities decreased as compared to unload commercial H-Beta and ZSM-
5 which are due to the increase contact matching between the zeolite framework and the 
present of some metal oxide nanoparticles within the pore of zeolites.  Similar XRD 
results were also obtained for MCM-41.  The modified samples surface area and pore 
volumes will lower compare to the unmodified samples, the decrease in the BET surface 
area and pore volume could be attributed to the hindrance of the nitrogen molecules into 
the cavities of zeolite and mesoporous which are occupied by the metal cations (Li and 
Yang, 2006).   
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Table 8.10: Physical properties of metal oxides (Náray-Szabo, 1969). 
 
Samples 
 
Particle Size (nm)* 
 
Bond Length (Å) 
MgO 39.23 2.10 
CaO 92.16 2.40 
CuO 25.51 1.84 
Co3O4 99.13 2.10 
NiO 69.91 2.03 
* Calculated based on Scherrer equation (Cullity, 1978). 
 
 
 Adsorption capacities were measured for methane on the modified microporous 
and mesoporous samples.  The same experiment procedures were performed for the 
modified samples until pressure 500 psi.  Experimental data are tabulated in Table 8.11.  
For modified zeolite ZSM-5 samples, all samples showed greater adsorption capacity 
compare to the unmodified zeolite ZSM-5.  For the entire pressure range until 500 psi, 
zeolite ZSM-5 modified with CuO was found to have the highest methane capacity 
compare to the other two metals. The zeolite ZSM-5 has a MFI type structure consisting 
of straight channels and zigzag channels (Figure 8.10).  The increase in the gas methane 
adsorption capacity among the oxides dispersed for the zeolite ZSM-5 was in the 
following sequences: CuO ∼ CaO > MgO.   
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Figure 8.10: ZSM-5 type zeolite (Ming and Wu, 2006). 
 
 
As for the zeolite H-Beta, all modified samples also showed better methane 
adsorption capacity compare to the unmodified zeolite H-Beta.  Magnesium (II) oxide 
modified zeolite H-Beta exhibited the most pronounced effect for increasing the capacity 
nearly up to 60 % higher compare to unloaded zeolite H-Beta. Calsium (II) oxide 
modified zeolite H-Beta was second best followed by Copper (II) oxide modified zeolite 
H-Beta.   
 
 
On the other hand, the methane adsorption capacities of the modified zeolite 13X 
did not show any improvement compare to the unmodified zeolite 13X.  The zeolite 13X 
has the same framework as the natural mineral faujasite as shown in Figure 8.11.  The 
framework consists of a tetrahedral array of sodalite units interconnected through six 
membered oxygen bridges. Ten sodalite units form a single large cage-like unit known 
as supercage. Each supercage is connected to four four neighboring cages through 12-
ring windows.  According to Langmi et al (2005), zeolite type X has very open 
framework. Since the metal oxides were dispersed instead of ion exchange, some of the 
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metal ion may have cause pore blocking.  The metal loading probably formed 
agglomeration of bulk metal oxide on the zeolite surfaces and block the pore windows, 
which restricts the further diffusion of gas CH4 to adsorb on the active adsorption sites 
on the zeolite internal surfaces.  The ions themselves may occupy significant volumes 
and affect the methane adsorption capacity.  Among the metal oxide used, calcium (II) 
oxide modified zeolite 13X show the highest methane adsorption capacity compare to 
the other metal oxides.  
 
 
Table 8.11: Methane adsorption capacity per kilogram adsorbent onto modified 
microporous and mesoporous sample. 
 
Methane Adsorption Capacity (mol/kg) 
 
Adsorbents 
100 psi 200 psi 300 psi 400 psi 500 psi 
ZSM-5 1.5180 2.0856 2.6531 3.2207 3.7883 
MgO/ ZSM-5 1.9875 2.6982 3.4089 4.1196 4.8303 
CaO/ ZSM-5 1.9978 2.8153 3.6327 4.4501 5.2676 
CuO/ ZSM-5 2.0753 2.8792 3.6831 4.4870 5.2909 
H-Beta 1.8298 3.0775 4.3253 5.5730 6.8208 
MgO/ H-Beta 2.9044 4.8687 6.8329 8.7972 10.7614 
CaO/H-Beta 2.4603 4.4329 6.4055 8.3779 10.3506 
CuO/H-Beta 2.1298 4.0998 6.0698 8.0398 10.0098 
13X 2.7435 3.3103 3.8769 4.4437 5.0104 
MgO/13X 0.8029 1.3237 1.8445 2.3653 2.8861 
CaO/13X 1.1351 1.6640 2.1929 2.7219 3.2508 
CuO/13X 1.1001 1.6683 2.2364 2.8045 3.3726 
MCM-41 2.7440 5.0685 7.3932 9.7179 12.0425 
MCM-41+Ni 2.6253 5.0599 7.4945 9.9291 12.3637 
MCM-41+Co 2.7710 5.3358 7.9007 10.4655 13.0303 
MCM-41+Mg 2.0383 3.9381 5.8378 7.7576 9.6373 
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Figure 8.11: X-type zeolite (Ming and Wu, 2006). 
 
 
Mesoporous samples modified with nickel (II) nitrate and cobalt (III) nitrate 
showed a slight increase of methane adsorption capacity however magnesium nitrate 
modified MCM-41 does not showed an improvement instead of having 20% decreasing 
compare to the unmodified MCM-41. Modified MCM-41 samples using the transition 
metal nickel nitrate and cobalt nitrate produce the best methane adsorption capacity per 
kilogram adsorbent compare to other modified adsorbents.  However, modified MCM-
41 material using magnesium nitrate showed the lowest methane adsorption capacity 
compare to the other MCM-41 materials. Thus, based on the results obtained in this 
study, the alkali earth metal seemed to improve the performance of the zeolite H-beta 
and zeolite ZSM-5 except zeolite 13X and MCM-41. 
 
 
 
 
  
407 
8.3.2 Methane Adsorption Isotherms 
 
 
 Adsorption capacities were measured for methane on modified ZSM-5, modified 
H-beta and modified MCM-41 (Table 8.11).  The adsorption isotherm for each modified 
adsorbent is given in Figure 8.12 to Figure 8.14.  As shown in Figures 8.12 - 8.14, the 
Freundlich model fits the data very well.  The parameters of the fitting are tabulated in 
Table 8.12.   
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Figure 8.12: Methane adsorption isotherm for modified zeolite H-beta; solid lines, 
Freundlich model; dotted symbol, experimental data. 
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Figure 8.13: Methane adsorption isotherm for modified zeolite ZSM-5; solid lines, 
Freundlich model; dotted symbol, experimental data. 
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Figure 8.14: Methane adsorption isotherm for modified MCM-41; solid lines, 
Freundlich model; dotted symbol, experimental data. 
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 Further analysis was performed on the modified zeolites using the linear form of 
the Langmuir isotherm model.  The Langmuir plots are presented in Figures 4.15 and 
4.16 and all plots are linear suggest that the Langmuir model may be a valid 
representation of methane adsorption onto these adsorbents.  Based on the adsorption 
isotherm for the modified samples, no maximum was observed.   
 
 
Table 8.12: Constants of Freundlich isotherm model for the adsorption of methane in 
modified adsorbents (0 – 500 psi). 
 
Freundlich Constants 
 
Adsorbents 
k n 
H-beta 0.0318 1.1650 
MgO/H-beta 0.0674 1.2302 
CaO/H-beta 0.0399 1.1207 
CuO/H-beta 0.0253 1.0402 
ZSM-5 0.1080 1.7683 
MgO/ZSM-5 0.1535 1.8218 
CaO/ZSM-5 0.1220 1.6670 
CuO/ZSM-5 0.1397 1.7274 
MCM-41 0.0395 1.0885 
MgO/MCM-41 0.0237 1.0354 
Co3O4/MCM-41 0.0329 1.0397 
NiO/MCM-41 0.031 1.0387 
 
 
 When analyzing methane adsorption isotherm for modified zeolite H-beta, the 
amount methane store for all metal oxide zeolite H-beta is much better than the 
unmodified H-beta.  The largest increase in methane store per kilogram adsorbent was 
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obtained by MgO modified zeolite H-beta. As for the zeolite ZSM-5, CuO/ZSM-5 gives 
the most pronounce effect as the zeolite ZSM-5 methane storage capacity increases from 
3.7883 mol/kg to 5.2909 mol/kg.  The effect of transition metal towards MCM-41 is 
much higher than alkali earth metal.  Both modified MCM-41 with transition earth metal 
cobalt oxide and nickel oxide increases the methane storage capacity with modified 
Co3O4 modified MCM-41 being the highest amount.  However, alkali earth metal MgO 
modified MCM-41 lower the amount of methane storage compare to unmodified MCM-
41. 
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Figure 8.15: Langmuir plots for the adsorption of methane on modified  zeolite H-beta. 
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Figure 8.16: Langmuir plots for the adsorption of methane on modified zeolite ZSM-5. 
 
 
 
8.3.3 Methane Adsorptive Storage Characteristics 
 
 
8.3.3.1 Charging Phase 
 
 
Similar to the result obtained for the unmodified adsorbents, the storage pressure 
build up is proportional to the amount of gas charged into the vessel.  The temperature 
profile for the modified adsorbents during charging does not affect much.  As expected, 
the temperature reading did showed a slight increase in temperature during charging.  
However, modified zeolites have higher temperature rising compare to modified MCM-
41 samples.  This is due to the presence of micropore in the modified zeolite.  Materials 
with smaller pore size have higher heat of adsorption, it increases the interaction 
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between methane and the framework.  According to Frost et al. (2006), materials with 
narrow pores have high framework densities and thus low free void space per gram 
adsorbent.  Therefore, at higher pressure when the pores are nearly filled, the materials 
with larger free volumes have more room for guest molecules and consequently have 
higher uptake. 
 
 
 
 
8.3.3.2 Discharging Phase 
 
 
The quantity of methane effectively released upon discharge is a practical 
criterion for the evaluation of a method’s storage capacity.  The amount of methane 
discharge was measured for different charging pressure in this study.  The release of 
methane was calculated on the basis of unit weight of adsorbent and on the basis of unit 
volume. Table 8.13 shows the storage and delivery capacities of each modified 
adsorbents and the effect of charging pressure on amount of methane release is shown in 
Figure 8.17.   
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Table 8.13:  Methane storage and delivery capacity at 500 psi for modified adsorbents. 
Storage Capacity Delivery Capacity  
 
Adsorbents 
 
mol/kg 
 
V/V 
 
mol/kg 
 
V/V 
Methane 
Retained at 1 
bar (cm3) 
H-beta 6.82 38.37 6.53 36.73 24.56 
MgO/H-beta 10.76 44.74 10.29 42.78 29.32 
CaO/H-beta 10.35 43.88 10.11 42.85 15.51 
CuO/H-beta 10.01 44.26 9.93 43.90 5.30 
ZSM-5 3.79 49.99 3.31 43.73 94.08 
MgO/ZSM-5 4.84 49.96 4.19 43.36 99.049 
CaO/ZSM-5 5.27 50.32 4.68 44.68 84.57 
CuO/ZSM-5 5.29 50.80 4.66 44.70 91.55 
MCM-41 12.04 38.56 11.83 38.36 10.87 
MgO/MCM41 9.64 41.97 9.57 41.67 4.52 
Co3O4/MCM41 13.03 42.13 12.93 41.80 5.01 
NiO/MCM41 12.36 42.22 12.27 41.90 4.89 
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Figure 8.17: Methane release from selected modified adsorbents at different pressures. 
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Based on Figure 8.17, the amount of methane released from the modified 
adsorbents increases with increased charging pressure.  The metal modified adsorbents 
not only show improvement in term of storage but also increased the delivery capacity 
as well.  The CuO modified for both ZSM-5 and H-beta showed the highest delivery 
capacity compare to their other modified samples.  Metal oxide modified MCM-41 also 
show improvement in delivery capacity where NiO/MCM-41 has the best delivery 
capacity.  However, it has to be noted that not all modified adsorbents are better 
compare to the unmodified one.  Magnesium oxide modified ZSM-5 has lower delivery 
capacity compare to ZSM-5 and even the modified sample has the highest storage 
capacity, it is not necessary it will have the highest delivery capacity such as the one 
showed by magnesium oxide modified H-beta.  Magnesium oxide modified H-beta has 
the highest storage capacity among other modified H-beta but its delivery capacity is 
lower compare to copper oxide modified H-beta which has the storage capacity lower 
than CaO and MgO modified H-beta. 
 
 
As can be seen from Table 8.13, with the introduction of metal into the 
adsorbents the amounts of methane retain in the adsorption cell at 1 bar after discharging 
is not consistent.  The delivered capacity of methane is less than the storage capacity 
because the adsorbent retains some gas at the exhaustion pressure (Matranga et al., 
1991).  Adsorbents with metal oxide will experience physical properties change based 
on the type of metal and the amount of metal oxide use.  Due to this, the changes in pore 
size and pore volume will affect the performance of the adsorbent and thus the amount 
of methane retain after discharging. 
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8.4 Summary 
 
 
 High pressure methane adsorption isotherms onto various adsorbents were well 
fitted with the Freunlich model.  XRD results indicate that the structure of microporous 
and mesoporous adsorbents did not change after being tested with methane until 
pressure up to 500 psi.  High pressure methane adsorption can be divided into three 
regimes.  At low pressure, the amount adsorbed correlated with pore size, the surface 
area at intermediate and free volume at high pressure (35 bar).  Adsorbents in addition to 
having a high micropore surface area that will yield a high adsorption capacity per mass 
adsorbent; it should also have a high packing density and pore volume.  This is to ensure 
that the methane capacity and the delivery capacity on a volumetric basis would be high.  
Adding metal oxide into microporous silica will improve its methane capacity and 
delivery performance and these metal charges will affect the adsorbate/adsorbent 
interaction even at high pressure adsorption.  From the experiment results, in term of 
mass basis, H-beta has the highest methane adsorption capacity compare to other 
microporous adsorbents and SBA-15 for the mesoporous adsorbents however in term of 
volume basis, zeolite 13X is better than the others. 
 
  
 
 
CHAPTER 9 
 
 
 
 
CONCLUSIONS  
 
 
 
 
9.1 Introduction 
 
 
 This chapter summarizes the results of structural and gas adsorption 
characteristics of adsorbents in order to provide a clearer understanding on the effect 
of structurally different zeolites and the modified zeolite adsorbents using several 
modification methods.  In order to achieve the objectives and scopes of this study, 
the synthesis and characterization of zeolites were carried out using methods 
described in Chapter 3.  The gas adsorption measurements have provided some 
important facts on gas adsorption characteristics of the zeolites.  Conclusions are 
drawn based on the results obtained and the discussions on the effect of structural, 
physical and chemical properties of zeolite adsorbents on gas adsorption 
characteristics as presented in Chapters 4, 5, 6, 7, and 8.  In addition, this chapter will 
propose several recommendations for future research direction in order to gain a 
better understanding of fundamental aspect of gas adsorption. 
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9.2  Summary of Research Findings 
 
 
The first part of this study involves gas adsorption characteristics of 
structurally different zeolite, channel and cage type zeolites.  The study shows that 
gas adsorption characteristics of gas molecules depend mainly on the accessibility of 
the molecules (pore size or pore opening) to the adsorption sites and pore network 
systems (one-, two-, or three dimensional pore network system).  The presence of 
zig-zag or sinusoidal channel affects the diffusivity, thus the adsorption of gas 
molecules.  Large pore diameter and three dimensional pore network systems would 
prevent the occurrences of pore blockage to the adsorption sites.  However, in order 
to obtain high adsorption capacity, surface area and large pore volume are still 
important requirements for the adsorption of gases.   
 
 
As the cage structure (cage diameter > 0.11 nm) provides more spaces for gas 
molecules to adsorb, the presence of cage-like structures in ferrierite structural 
framework also support the fact that the cages contribute to higher adsorption 
capacity than ZSM-5, mordenite and zeolite beta.  This study also reveals that high 
crystallinity is not the reason for high adsorption, in fact, it was suggested that some 
crystalline imperfections, as detected by relative crystallinity of Na-SZ18, creates 
more adsorption sites that leads to high adsorption capacity. Thus, this study has 
shown that cage type zeolite represented by faujasite group of zeolites (NaX, NaY 
and Na-SZ18 (synthesized zeolite)) have higher adsorption capacity than channel 
type zeolites such as ZSM-5, mordenite, ferrierite and zeolite beta.  
 
 
The adsorption isotherm data also revealed that dilute form of adsorption 
occurred due to the absence of specific interaction between adsorbate and adsorbent.  
However, the presence of quadrapole moment in carbon dioxide molecule initiates 
Langmuir type adsorption.  The rapid increase indicates strong interaction between 
adsorbates and the adsorption sites.  In addition, initial adsorption rate and 
diffusional time constant also suggested that the properties of adsorbates such as size, 
charge and the polarity/quadrapole moment influence the characteristics of gas 
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adsorption.  The diffusion in zeolite pore network is the slowest step in the 
adsorption of carbon dioxide, thus indicate that diffusion is the rate controlling step 
for carbon dioxide. On the other hand, the rate controlling step for methane, a non-
polar molecule, is the interaction between methane and the zeolite. 
 
 
This study also revealed that modifications greatly influence the 
physicochemical properties of zeolites and gases adsorptive characteristics. The 
study on the effect of cations on gas adsorption characteristics of zeolites show that 
exchanging sodium with other metal cation changed the physicochemical properties 
of the based zeolite (Na-SZ18).  Depending on the size of cation, the crystallinity, 
Si/Al ratio and unit cell parameter of the zeolites also changed. The surface area, 
pore volume, and average pore diameter of zeolites also varies as the metal cations 
replace the Na+.  The presence of cations such as Li+, Mg2+, and Ca2+ increases the 
surface area and pore volume of zeolites. Theses changes are due to the reorientation 
of the atom in zeolite lattice. However, the XRD and FTIR spectra show that the 
structural framework remains as faujasite type zeolite.  
 
 
However, the differences brought about by cations were presented by the 
adsorption isotherm curves even though adsorption of methane on metal cation 
exchanged zeolites are still at dilute conditions.  The calculated model equation 
constants have shown the effect of cations especially for methane adsorption. The 
effects of cation, its size and charge are also depicted in the kinetic study of metal 
cation exchanged zeolites. Since the reported pore diameter of faujasite type zeolite 
is relatively larger than channel type zeolite (∼ 0.74 nm), Knudsen diffusion 
dominates the methane and carbon dioxide diffusion characteristics in metal cation 
exchanged zeolite. Again, the initial adsorption rate, diffusional time constant, and 
equilibrium time also revealed the influence of cation’s size and charge on gas 
adsorption characteristics.  
 
 
In addition, changes in the FTIR spectroscopy of adsorbed methane and carbon 
dioxide also indicate the effect of cation in the extra-framework of zeolites. The 
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changes are more significant in carbon dioxide adsorption since the quadrapole 
moment of carbon dioxide specifically interacts with the active site (cation) of 
zeolite. This study reveals that peak positions and the total area change as different 
cation with different size, charge and position presents as extra-framework cation. 
Hence, a combination modification on structural properties and physicochemical 
properties of zeolite can produce a distinctive material that could be used as gas 
adsorbent. However, further study need to be carried out in order to broaden range of 
zeolite adsorbent applications. 
 
 
Again, the study on the effect of metal cation exchanged zeolites on gas 
adsorption characteristics shows that surface area and pore volume are not the main 
factors that determine the adsorption capacity of zeolites.  The observed different 
order for gas adsorption characteristics on the metal cation exchanged zeolites is 
expected to be mostly due to the presence of different cation in the adsorbents.   
Different cations lead to various degrees of interactions between the adsorbates and 
adsorbent.  The improvement is due to the electrostatic field created by the cations 
within the pores.  In this study, there is evident that the divalent cations such as Ba2+, 
Mn2+, Ni2+, and Zn2+ increase the ratio of surface coverage ratio (θR > 1.47), thus 
suggests that the charge of the cation has great influence on the adsorption process. 
 
 
This study also revealed that the successive spontaneous dispersion of metal 
oxides via thermal dispersion and incipient wetness impregnation methods can be 
used for zeolite surface modification.  The dispersed compound is mainly stay on the 
wall of larger cages in the zeolite and some dispersed on the external surfaces.  The 
dispersion can be in the form of monolayer dispersion or sub-monolayer dispersion 
depending on the structural properties of metal oxides dispersed.   
 
 
The metal oxide exists as two-dimensional dispersed species on the surfaces of 
Na-Y after the calcination when the loading concentration is less than the critical 
dispersion capacity.  When the loading concentration exceeds the threshold value, the 
heat treatment temperature is too high for an oxide with a zeolite in the calcination 
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process, or the duration of calcination takes too long period, part of the dispersed 
species might jostle and migrate to the external surfaces and formed bulk metal oxide 
compounds.  A small part of them will diffuse into the smaller cages of zeolite Na-Y 
to form inclusion compounds, thus made the pore diameter larger for some types of 
metal oxide modified zeolite.  In addition, when heating a mixture of a metal oxide 
and Na-Y zeolite in the dispersion process, solid-state ion exchange process might 
occur at the same time that resulted in the decrease of Si/Al ratio.  Moreover, surface 
area and pore size characterization bring out two main results: the decrease of 
micropore surface area and micropore volume and the increase of external surface 
area, which resulted from the dispersion of metal oxide species on Na-Y zeolite 
surfaces. 
 
 
 On the other hand, adsorption equilibrium results indicated that Group II A 
metal oxides modified NaY shows the highest adsorption capacity for gas carbon 
dioxide while Group II B metal oxides give most pronounced effects on gas nitrogen 
and methane adsorption.  In the study, vanadium (V) oxide modified Na-Y decreased 
the adsorption capacity tentatively for three types of tested gases.  This is probably 
due to the high basicity properties of Group II A metal oxides that improved the 
interaction of adsorbent with CO2 acid gas.  Meanwhile, the structural and surface 
properties of NaY after Group II B modification are suitably for dipole adsorbates 
adsorption.  Generally, the specific surface area and micropore volume are not the 
only determine factors in the gas adsorption processes.  The number, types and 
location of metal oxides on the zeolite surfaces also play the important role in the 
adsorption equilibrium.  The adsorption of gases is influenced by the basicity of 
oxygen atoms and the Lewis acidity of the counter metal cations of metal oxides 
existed on zeolite surfaces.   
 
 
Furthermore, the isosteric heat of adsorption is found increased linearly with 
the increase of gas adsorption capacity.  The heat of adsorption for unmodified Na-Y 
zeolite is 18.1 kJ/mol, 27.9 kJ/mol and 21.4 kJ/mol for gas CO2, N2 and CH4, 
respectively.  Different types of metal oxide dispersion changes the interaction of 
adsorbate-adsorbent accordingly in the range of 17.5 – 25.7 kJ/mol for CO2, 23.1 –
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31.3 kJ/mol for N2 and 17.3 –34.1 kJ/mol for CH4 adsorption.  The higher releasing 
of heat in the adsorption means higher interaction of adsorbates with adsorbents. 
Subsequently, the adsorbents have higher gas adsorption capacity.   
 
 
From the obtained adsorption equilibrium results as well, it is conferred that 
types of metal oxide (solid state structure, particle size and kinetic diameter), copper 
oxide loading concentration, calcination temperature, duration of calcination and 
modification techniques greatly affect the structural properties of modified zeolite 
adsorbents and its gases adsorptive characteristics.  The critical dispersion capacity 
of CuO onto NaY zeolite as submonolayer dispersion is 2.25 wt.% of CuO loading 
concentration. Twenty-four hours of calcination process at 873.15 K for copper (II) 
oxide and NaY zeolite modification enable the uniform dispersion of oxide on the 
zeolite surfaces and show enhancement in the gas methane adsorption capacity.  If 
these corresponding parametric of modification are well controlled, the desired 
adsorbent having appropriate physical properties could be prepared for specific gas 
adsorption application.   
 
 
Generally, adsorption kinetics of NaY zeolite is improved after some types of 
metal oxide modification.  The mass transfer of gas molecules diffuse into zeolite 
micropore is following the second law of Fickian diffusion process.  The structural 
and surface properties, metal oxide distribution, particle size and temperature of 
diffusion are factors that governing the peculiarity of gases diffusion into modified 
adsorbents.  The gas adsorption characteristics presented a rapid initial uptake and 
slow down of diffusion at higher coverage in the adsorption process.  From the 
characterization results, the zeolite cages after modification are open enough to allow 
the free diffusion and adsorption of adsorbates.  The strength of such interaction 
depends mainly on the ionic nature, topology of the zeolite framework and the 
polarity (dipole and quadrupole moments) of the guest molecule.  The diffusion rate 
constant as observed from the results to achieve equilibrium status are following the 
sequences of CO2 > CH4 > N2.  This is due to the smallest kinetic diameter of gas 
CO2 molecules as well as the largest adsorption energy of CO2 than that of methane 
and nitrogen for the adsorption into pores at all size ranges.  Gas carbon dioxide is 
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selectively jumping from one active adsorption site to another that controlled by 
adsorbate-adsorbent interaction.  Gas methane diffusivity is governing both by the 
size of micropore and gas-zeolite interaction. Meanwhile, gas nitrogen diffusivity is 
mainly related to the size of micropores. Hence, the diffusion rate constant of 
nitrogen is relatively slow compared with gas methane and carbon dioxide. 
 
 
Interaction between different molecules adsorbed on a metal oxide modified 
NaY zeolite surface are of important in many contexts.  The integrated absorbance 
areas and the intensities of FTIR spectrums reveal that gas CO2, N2 and CH4 interact 
with metal oxides modified NaY zeolite.  For adsorption that is considered in the 
supercritical adsorption condition in this study, the molecule is free rotating and 
physically adsorbed on the active adsorption sites on adsorbent surfaces as gas phase 
molecules.  The adsorption sites at smaller pores of NaY also contribute to the strong 
adsorbate-adsorbent interaction at high temperature adsorption condition.  The 
location and accessibility of active adsorption sites, the pressure and temperature of 
adsorption are the factors that determine the mechanisms of gases adsorption on the 
metal oxide modified NaY adsorbents.   
 
 
 Special attention should also be given to the incorporation of amines on 
porous materials. This study have showed that alkanoamines greatly enhances the 
CO2 adsorption performance especially for mesoporous materials. Furthermore, the 
amines also improved the CO2-adsorbent bonding and as a result increasing the 
selectivity of the adsorbent towards CO2 adsorption. However,  not all amines are 
suitable for modification on porous materials. Certain amines with large molecules 
size would actually decrease the CO2 adsorption performance of the adsorbent. 
Therefore, this study proved to be important in order to understand the CO2 
adsorption performance of amine modified mesoporous and microporous materials.  
 
 
 Furthermore, high pressure adsorption for methane adsorptive gas storage has 
shown that physicochemical properties of the adsorbents have great influence on the 
adsorption capacity. The study also proved the earlier suggestion in Chapter 6 about 
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the role of metal oxide on gas adsorption. The addition of metal oxide into 
microporous silica improve the methane capacity and delivery performance even at 
higher pressure.  
 
 
 
 
9.3 Recommendation for Future Work 
 
 
In order to obtain a better understanding of the gas adsorption characteristics 
in metal oxide modified zeolite adsorbents, the following studies are recommended 
in future work.  For structural and properties characterization, X-Ray Photoelectron 
Spectroscopy (XPS) is recommended to attain information about the metal oxide 
dispersion of the adsorbents. Temperature Programmed Reduction (TPR) can 
provide much information about the reducibility of the deposited metal oxide of the 
calcined adsorbents.  Meanwhile, the Temperature Programmed Desorption (TPD) 
characterization is highly recommended as well to obtain the acidity and basicity 
properties of modified zeolites.  Besides, one can determine the framework of Si to 
Al ratio by observing the high-resolution spectra from the solid samples using 29Si 
and 27Al MAS-NMR Spectroscopy.  Apart from that, study on the fundamental 
aspects of the microwave heating method in the sample preparation for metal oxide 
dispersion is recommended, since this method has recently attracted increasing 
interest as an emerging material-processing technique (Deng and Lin, 1997; Yin and 
Yin, 1998; Han et al., 2004). 
 
 
In general, this study has shown that cage type zeolite is structurally suitable 
zeolite adsorbent for gas adsorption applications.  Since the synthesized zeolite (Na-
SZ18) shows a promising performance, a more detailed study on this particular 
structure need to be carried out especially on parameter that affect the product of 
zeolite such as temperature, pressure and pH of the gel solution.  In addition, it is 
also worth to investigate the effect different silica and alumina sources in order to 
minimize the cost of producing zeolite adsorbent.  A more economical and 
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environmental friendly approach would be another advantage in the development of 
zeolite adsorbent.  However, it is also realized that the adsorbent used in this study is 
limited to several types of zeolites that commercially available in the market. Hence, 
it is suggested that other types of synthetic zeolites that have been reported by 
International Zeolite Association-Structure Commission with different structural and 
physicochemical properties to be used in order to gain a definitive conclusions about 
on the influence of zeolite structural framework on gas adsorption characteristics. 
 
 
Other aspects that need further investigation are the effect of adsorption at 
elevated temperatures and pressures.  This is important especially for sub-
critical/supercritical adsorbate such as carbon dioxide.  Since many studies only 
involve adsorption at lower temperature (< 273 K), the transition characteristics from 
sub-critical to supercritical adsorption was not critically addressed.  In this case, the 
model equation that commonly used might need to be extended to take into account 
the effect of high temperature and pressure adsorption.  It is also important to note 
that cation plays important role in the adsorption of non-polar molecules such as 
methane.  This study have shown that divalent cations in alkaline earth metal group 
and transition metal are potential candidate as charge balancing cation replacing Na+ 
that commonly present in synthetic zeolite.  However, the performance of other 
transition metal cations such as Co2+, Cr2+, Cu2+, Mo2+, Pd2+, Cd2+ should be 
evaluated.  Further study should also involve investigation on the optimum amount 
of cation replacing Na+.  This is rather important since too many cation exchanged 
could caused the formation of meso- or macropore in zeolite structural framework 
that can affect the adsorption on zeolite adsorbents. 
 
 
On the other hand, the gas adsorption isotherms for metal oxide modified NaY in 
a range of pressure and temperature especially at high temperature and high-pressure 
conditions can be conducted to get a clear picture of gas adsorption characteristics 
and equilibrium model.  Despite the adsorption process in a pure adsorbate 
atmosphere, gas mixture adsorption can be carried out to take a look at studied 
adsorbents selectivity properties.  Other types of gases, which are industrial interest 
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such as gas oxygen, carbon monoxide and sulfur dioxide, are waiting for further 
extensive investigation.   
 
 
In addition, the laboratory-made FTIR cell apparatus system in this study could 
be upgraded for studying the effect of different adsorption temperature on adsorbate-
adsorbent interaction.  The FTIR study together with 1H and 13C MAS NMR 
spectroscopy would provide higher resolution information on gas adsorption 
interaction of metal oxide modified adsorbents.  Moreover, from the fundamental 
screening results obtained in this study, some of the selected metal oxides can 
disperse into different types of microporous and mesoporous materials to investigate 
the effect of support to metal oxide modified system as gas adsorbents instead of Na-
Y zeolite.  The mesoporous materials with high surface area and narrow pore size 
distribution probably would increase the dispersion capacity of metal oxides and so 
that providing more active adsorption sites for adsorbate molecules.   
 
 
Indeed, more knowledge about the implementation of metal oxide modified 
zeolite for particular application is desirable for further study.  The understanding of 
the basic concepts and gas adsorptive characteristics of the studied adsorbents would 
give substantial benefit and convenience for the investigation into specific 
application such as adsorbents for gas separation process, their functionality as 
catalysts, gas sensor, gas storage, semiconductor and superconductor.  The important 
role of zeolite in the field of catalytic, adsorption and nanoparticle technology 
therefore would continue to reign supreme in the coming decades.      
 
 
Finally, it is also suggested that the present model equation need to be 
extended by taking into account the adsorbate and adsorbent properties, the diffusion 
in different structural framework and the interaction between adsorbate and 
adsorbents. The development of a complete model is crucial in predicting the 
potential adsorbent for specific application.  It can be achieved by carrying more 
measurement on gas adsorption isotherm, gas diffusivity, gas adsorption rate and 
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gas-zeolite interaction on selected adsorbents in order to gain more data on the effect 
of various properties on gas adsorption. 
 
 
 
 
9.4 Future Research Direction 
 
 
In the era of nanotechnology, gas adsorption moves into several new 
applications such as gas storage, gas sensor, biosensor and semiconductor that 
involve metal-doped zeolites.  At the same time, gas separation and purification 
require alternative technologies that are more efficient and cost effective.  There is 
also an urgent need for the development of efficient and economically feasible 
technology for the reduction of gas emission from combustion processes and 
chemical productions and high temperature solid state gas that capable of making 
measurements in harsh industrial environment. 
 
 
Adsorption technology now leads to a new dimension in gas separation and 
purification and adsorptive gas storage.  The use of microporous materials such as 
zeolite, activated carbon or silica have been started at the beginning of 19th century. 
Zeolite becomes commercially significant since the discovery of synthetic zeolites.  
The importance of this materials lies on the fact that zeolite is a microporous material 
with high surface area and high pore volume capacity.  However, there are other 
features that are equally important in the adsorption that might contribute to the 
adsorption of gases on zeolite.  More researches need to be carried out in order to 
understand the characteristics of gas adsorption on zeolite adsorbent. 
 
 
Several factors need to be considered in the study of gas adsorption on 
zeolites.  Structural framework, physicochemical properties of zeolite, adsorbate 
properties will influence the transfer of adsorbates from the gas phase to the 
adsorption site and the interaction between the adsorbate and the adsorbent.  
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Identifying factors that affect the adsorption of gases on zeolite is very crucial in 
order to optimize the performance of zeolite adsorbent for industrial application.  In 
addition, modification could be carried out to overcome any weaknesses due to pore 
size, thermal stability, or insufficient active sites.  Furthermore, modification could 
be carried out to achieve high adsorption capacity and selectivity. 
 
 
To achieve more complete view on the adsorption characteristics of gases 
onto zeolite, it is important to evaluate the thermodynamic and kinetic parameters 
using several equation models.  At present, thermodynamic models such as 
Langmuir, Freundlich, Tόth and Dubinin are commonly used to describe the 
adsorption phenomena on zeolites in a wide range of operating conditions.  Other 
models are usually extended from those models and regarded as development of the 
classical methods.  In addition to that, the kinetics model of adsorption in order to 
describe the uptake rates of gases.  By using the thermodynamic and kinetic models 
and the experimental data obtained, factors that influence of gas adsorption 
characteristics could be determined.  
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